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Introduction
In the last decade, the miniaturization of electronic components allowed for the development
of new mechatronic applications in numerous areas such as automotive, aeronautics or con-
sumer electronics. In this perspective of miniaturization, the development of new actuators,
adapted to the realization of miniature mechatronic systems is required.
Electromagnetic motors are widely used in industry. However, they have limited perfor-
mance as their size decreases. Numerous parts are required for their fabrication and their
generated torque is limited. Piezoelectric materials, on the other hand, are an interesting
alternative because of their high force density and their adaptation to the microscale. Al-
though they have limited deformation, their high bandwidth allows for ultrasonic vibration
generation which can be transformed into continuous linear or rotary motion. Ultrasonic
piezoelectric motors use a resonant mechanical structure to generate small movements at
high frequency in order to move a rotor placed in contact. eir actuation principle is based
on friction forces. eir geometry can be tailored to t a large variety of applications.
e use of a spherical rotor is interesting for robotic and mechatronic applications such
as robot articulations and optical component stabilization. In this work, we focus on the
application of ultrasonic motors for micro-cameras stabilization. is application has an im-
portant potential for the video capture in mobility especially with the integration of micro-
cameras in most existing mobile phones. e association of these devices with a high dy-
namic actuation system for object tracking or image stabilization has numerous potential
applications in image processing, security or sports.
Although they have been developed for more than 30 years, ultrasonic actuators have
limited industrial applications. e high number of interdependent design parameters lim-
its their optimization and robustness. is thesis proposes a complete design method for
the realization of multimode ultrasonic actuators. e main objective is to provide general
design guidelines and study the eect of the dierent parameters on their performance. A
multimode curved actuator used for actuating a spherical rotor is studied. e use of a large
contact area allows for a complete rotor guidance while limiting the stresses and wear of the
actuator. is thesis is organized in ve chapters:
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• Chapter 1 describes the state of the art of multi-degree-of-freedom motors based on
a spherical rotor. It presents the dierent technologies of ultrasonic actuation and
proposes a classication of existing prototypes. A set of criteria is discussed for com-
parison and evaluation. is chapter highlights the diculties of ultrasonic spherical
motor design. e result of this analysis leads to an innovative actuator concept for
micro-camera stabilization. e design methodology is presented.
• Chapter 2 is dedicated to the mechanical design of the resonant structure. A general
introduction to vibration theory and resonance concept is proposed. Actuator geom-
etry is dened and analyzed using nite element modal analysis. Vibration modes are
studied as a function of the geometric parameters. A suitable geometry is then pro-
posed. e sensitivity of the structure to geometrical tolerances and added masses is
studied.
• Chapter 3 focuses on contact analysis. A contact model is proposed to describe the
conversion from stator vibration to rotor rotation. Modal analysis results discussed in
chapter 2 are used in order to estimate motor performance as a function of multiple pa-
rameters. Dierent parameters such as mode amplitude, preloading force and contact
layer properties are studied. Guidelines for optimal contact conditions are proposed.
• Chapter 4 addresses the electromechanical conversion in the actuator. An electrome-
chanical model of piezoelectric resonators is proposed. A focus on the electrode pat-
tern and its eect on actuation eciency is presented. Finally, an optimization of the
electrodes size based on the complete motor model is proposed.
• Chapter 5 presents the experimental validation. e fabrication of the actuator is de-
scribed. An experimental set-up for motor performance measurement is proposed.
e mechanical properties of the motor are studied as a function of voltage, preload-
ing force and contact layer. ese results are compared to the actuator model.
• Chapter 6 proposes a conclusion of the work. A summary of the main achievements
of this thesis is presented. It highlights the performance of the model and how it can
be adapted to other designs. e limitations of the model are also discussed and a
perspective work to improve the robustness and the model is proposed.
2
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CHAPTER 1. STATE-OF-THE-ART OF SPHERICAL MOTORS: A CRITICAL REVIEW
1.1 Introduction
Multiple degree-of-freedom (MDOF) angular actuation systems are used in numerous tech-
nological areas. Typical applications are found in robotics in order to build omnidirectional
robots [9], robot limbs or eyes articulations [4] . ey are also found in other mechatronic
areas such as haptic joysticks [10], security systems and in general inertially stabilized plat-
forms [11] that are used in astronomy [12], defense, cinema, photography and other in-
dustrial areas for stabilizing optical components or tracking objects [13]. e conventional
method used in order to build such actuators is based on multiple single degree-of-freedom
motors associated in series or parallel through a set of gimbals. Although this method is well
adapted for most applications, mechatronic systems tend to scale down and there is a need
for smaller MDOF angular actuators that can provide high-amplitude and high-dynamic mo-
tion in a compact design. Gimbals and conventional electromagnetic motors are dicult to
miniaturize and oen result in poor compactness of the MDOF platforms. Motors that use
a spherical rotor could be a good alternative in order to obtain highly compact, low inertia
miniaturizable MDOF actuators.
In this chapter, a critical review of the existing possible solutions to obtain multiple an-
gular degree-of-freedom actuators is proposed. e focus is especially given to the specic
case where highly compact and dynamic systems are required. In a rst section, the dier-
ent possibilities to obtain MDOF platforms are presented and classied. e second section
introduce electromagnetic technologies. Working principles are not thoroughly explained
since they stand on widely known technologies. Friction-driven actuators are presented in
four dierent sections because of the large variety of existing systems: one is introducing
the working principles, a second one focuses on single-stator ultrasonic actuators, the third
one onmulti-stator ultrasonic motors and the last one discusses inertia motors. A qualitative
and quantitative summary of single rotor spherical motor technology is proposed with the
identication of important design criteria. ese criteria are used for the proposition of a
new actuator concept, adapted to a specic application.
1.2 Multi-degree-of-freedom actuation systems
It exists various ways to build MDOF actuation systems. Depending on the application and
the characteristics that have to be emphasized (precision, bandwidth, compactness…) dif-
ferent solutions may be adapted. A typical classication of MDOF actuators is proposed in
gure 1.1. Focus in this review is given to single rotor systems.
Electromagnetic actuators are classied according to the dierent actuation technologies
that are adaptations of well-known electromagnetic single-DOF actuators, whereas friction-
based actuators are classied according to both stator geometry and actuation principles.
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Multi-degree of freedom angular actuation systems
Multi-rotor systems Single-rotor (spherical) systems
Series 
Parallel 
Electromagnetic
Standing wave
Travelling wave
Agile eye
Bulk acoustic wave
Surface acoustic wave
Longitudinal-bending
Radial-bending
Plate-type
Standing wave
Travelling wave
Rotary travelling 
wave actuators
Longitudinal-bending
Single mode asymmetric
stimulation  
Inertia 
motors
Villgratner
Stepping motor
Synchronous motor
Induction motor
Direct drive motor
Conventionnal Pan-tilt 
platform Ultrasonic Single stator
Ultrasonic 
Multi stator
Friction-driven
Figure 1.1: Classication of multi-degree-of-freedom actuators. e review focuses on
the study of electromagnetic and friction-based single rotor spherical systems. e clas-
sication of electromagnetic actuators is based on driving principles while friction-based
actuators are classied as a function of both geometry and driving principles.
roughout this chapter, dierent characteristics of the systems will be analyzed. We
want to emphasize the dierence between compactness and miniaturization since they are
oen considered as synonyms. e miniaturization is considered as the ability to scale a
system down to small sizes, while the compactness is considered as the way the dierent
pieces are packed together. In the case of a spherical motor, a system is considered as compact
when its stator-to-rotor volume ratio is low (i.e. the volume of the stator is small as compared
to the rotor).
1.2.1 Multi-rotor association
Rotary motor series association
Awidely used solution in industry in order to obtain two or three angular degree-of-freedom
is the use of multiple rotary motors mounted in series via a set of gimbals. ose platforms
are simply designed using commercially available electromagnetic motors and oer simple
control with a straightforward dynamic model.
e main limitation of this type of assembly is associated with an extra load and iner-
tia on one of the degree-of-freedom that lead to dierent dynamic responses on each axis.
Moreover, gimbals systems and reduction gears are required to obtain MDOF motion and
sucient torque. ese additional parts limit the miniaturization and compactness of the
platform. Gimbals systems increase inertia which limits the dynamic response of the plat-
form. Examples of commercial pan-tilt platforms are proposed by FLIR1.
1hp://www.ir.com/mcs/view/?id=53484
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Parallel associations
(a)eAgile eye: Parallel 3-DOF ro-
tary actuator based on three rotary
actuators and an associated set of
gimbals. Reproduced from [14], ©
1996 IEEE.
(b) Parallel 2-DOF rotary actuator
based on two linear ultrasonic actu-
ators. Reproduced from [15], © 2011
IEEE.
Figure 1.2: Examples of multidegree-of-freedom angular systems using several rotors
associated in parallel.
Spherical parallel mechanisms are widely documented in the literature. ey are based
on the use of single-DOF rotary or linear actuators and oer a large variety of possible de-
signs that can be tuned to the required characteristics of the platform. An example of such
mechanisms is the agile eye ([14], gure 1.2a). It is based on the use of three rotary elec-
tromagnetic motors mounted in parallel using a mechanism associating three rotary joints
(3-RRR). In this design, the same load is applied to each actuator with an equivalent dynamic
response on each axis.
Another example of parallel mechanism uses two linear ultrasonic actuators in order to
rotate a camera on a pan-tilt platform ([15], gure 1.2b). e system shows high dynamic
response with accelerations up to 25000 deg.s−2. However, it presents a complex control
method and a reduced displacement amplitude. As a summary, a large number of paral-
lel design can be proposed in order to obtain MDOF angular actuation [16], those parallel
mechanisms provide high dynamic response in a limited range of displacements but the use
of complex mechanical design induces diculties in terms of miniaturization and compact-
ness.
1.2.2 Single-rotor (spherical) system
Another design for obtaining MDOF angular movement is the use of a single spherical rotor.
Using a spherical rotor actuated by tangential forces at its outer boundary, allows for com-
pact MDOF systems with a large workspace and no need for complex gimbals mechanisms.
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Developing an actuator with sucient torque and reduced number of mechanical parts could
lead to new perspectives in terms of integrated robotics and miniaturization of mechatronic
systems.
is review focuses on the dierent single-rotor spherical systems that can be found in
literature. Several electromagnetic and friction-based (piezoelectric and magnetostrictive)
actuators are studied, they represent the great majority of single rotor spherical actuators
that can be found in literature. Some other examples such as pneumatic [17] or shape mem-
ory alloy [18] actuators are found in literature but their development is at an early stage
and data are hard to nd as compared to widely spread electromagnetic and piezoelectric
actuators.
1.3 Electromagnetic actuators
Electromagnetic actuators use the interaction between electromagnetic elds produced by
coils or magnets. Although single degree-of-freedom motors are well known and commer-
cialized, single-rotor MDOF actuators are still at the prototype stage and have not found
commercial applications to our knowledge. Spherical electromagnetic actuators found in lit-
erature are based on four major principles: stepping spherical motor, synchronous spherical
motor, induction spherical motor and direct drive spherical motor.
1.3.1 Stepping spherical motors
Figure 1.3: Spherical stepping motor proposed byWeek et al. [1]. is spherical electro-
magnetic MDOF actuator consists of 112 magnets placed on a spherical rotor (Ø 275mm)
and associated with 96 cylindrical coils. e coils are driven alternatively to move the
rotor similarly to a conventional stepper motor. Reprinted from [1], Copyright 2000,
with permission from Elsevier.
Stepping spherical motors are based on the use of multiple magnets placed on the ro-
tor and associated with multiple coils (poles) in the stator. Similarly to single-DOF stepping
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motors, the goal is to be able to place the rotor in any spherical position using alternative ac-
tivation of the poles. Existing stepping spherical motors are in general very large machines.
e system proposed by Week et al. [1] (gure 1.3) is based on a 275 mm diameter hollow
sphere rotor with 112 magnets placed on it. e associated stator is formed of 96 cylindrical
coils. e system is expected to produce torque up to 40 N.m with a speed up to 720°/s. e
smallest stepping spherical motor that has been found in literature has a diameter of 110mm
[19] with numerous parts (8 magnets and 25 coils) and reaches a maximum torque of 13
mN.m and 300 °/s (50 rpm) maximum speed. Rossini et al. [20] propose a spherical stepping
motor adapted to the realization of spherical reaction wheels and which is based on a mag-
netically levitating spherical rotor (89mm radius). In this specic application magnets and
coils are both used for rotor guidance and actuation.
Stepping spherical motors are well adapted to large mechanical systems requiring high
precision. ey present reasonable compactness (stator-to-rotor volume ratio is about 0.67
for [1]) but are not suitable for miniaturization because of a high number of mechanical
parts.
1.3.2 Synchronous spherical motor
An example of synchronous spherical motor is given by Yano et al. [21]. e rotor is a 130mm
diameter sphere with 260 magnets placed on it. Output torque is 0.49 N.m for a maximum
speed of 90°/s. is type of motors is based on a stator similar to a stepping spherical motor
but four electromagnetic actuators are used instead of numerous coils. e system is more
compact than stepping motors but still not suitable for miniaturization.
1.3.3 Induction spherical motors
Induction spherical motors are based on the creation of Foucault currents in a conductor in
which a varying eld is imposed. e current interacts with the magnetic eld and causes
the rotor to move. Kumagai and Hollis [22] propose an induction spherical motor based on
linear induction motor designs. e rotor is a two layers shell composed of an inner iron
layer and a outer copper layer. Although the resulting system is quite large with a rotor
of 246 mm in diameter, the system could easily be scaled down because of the simple rotor
design (no magnet). e stator-to-rotor ratio (0.13) is beer than the previously presented
prototypes, what is also an indication of the compactness of these systems.
1.3.4 Direct drive spherical motors
e last type of spherical electromagnetic motors is direct drive spherical motors. In this
case, the rotor contains a single magnet that orients in the direction of a magnetic eld
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generated by three or more coils. Wang et al. [23] propose a motor whose stator is 88 mm
in diameter associated with a permanent magnet spherical rotor of 48 mm in diameter. e
maximum torque is 400 mN.m. A slightly larger 3-DOF prototype is also proposed based on
a four-pole spherical rotor and four sets of windings. e motor although slightly larger (60
mm stator for a 30mm rotor) oers a 600 mN.m torque.
Bederson and Wallace [24, 25] propose a similar concept with a non-spherical rotor. A
magnet is aached to the rotor which is guided using a spherical joint. e actuator mea-
sures 40x50x60 mm, produces a 8 mN.m torque and is the smallest electromagnetic spherical
single-rotor actuator that has been found in the literature. e large inertia of the rotor
is the main problem of this actuator and causes control problems. Although they are well
adapted to pointing actuator systems, these actuators are not suitable for applications where
the rotor should be able to realize multiple turns over itself (e.g. omnidirectional wheels).
1.4 Friction-driven actuators: Working principles
Another technology which has great potential for spherical single-rotor actuators is friction-
driven actuation used for example in ultrasonic motors. ese actuators are based on the
formation of small highly repeated movements at a contact interface with a rotor. Most of
them use piezoelectric materials in order to produce these vibrations. In this review, focus
is given on three main types of friction-based actuators:
• Traveling (or progressive) wave ultrasonic motors
• Standing wave ultrasonic motors
• Inertia (stick-slip) motors
1.4.1 Traveling wave ultrasonic motors
Traveling wave ultrasonic actuators create motion by generating traveling acoustic waves in
a stator. e rotor, in contact with the stator, is subjected to a tangential force in the opposite
direction to the propagating wave. e traveling wave can be generated using two dierent
solutions: a non-resonant solution using an emier/absorber conguration or a resonant
conguration using degenerating modes of a symmetric structure.
Emitter/absorber conguration
An actuator excites a specic propagating mode of the structure while an absorber on the
other end ensures that there is no reexion that would result in the formation of a standing
9
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(a) Traveling wave non-resonant actu-
ator. An emier produces an acoustic
wave that propagates from one end of the
stator to the other where it is absorbed
in order to avoid reexion and creation
of a standing wave. Because there is no
standing wave, resonance eect cannot
be used.
(b) Traveling wave resonant actuator.
Two degenerating modes with the same
mode shape and a 90° spatial phase shi
are excited with a 90° temporal phase dif-
ference causing the formation of a trav-
eling wave that set the rotor in motion.
A brush-like contact interface is usually
adopted to optimize the contact. Because
standing waves are generated, resonance
eect can be used.
(c) Multi-modes standing wave actuator.
Two vibration modes that produces non-
collinear movement at the interface are
excited with a phase dierence causing
the formation of elliptical motions that
drive a rotor in contact. e direction of
the motion can be changed by inverting
the sign of the phase dierence.
(d) Single-mode standing wave actuator.
Friction tips are placed so as to obtain
oblique impact on the rotor. is type
of actuator cannot reverse its direction
of motion and the location of the friction
tips determines the driving direction.
(e) Asymmetric excitation single-mode
standing wave actuator. A symmetric
mode is excited using an asymmetric sig-
nal (e.g. the excitation of only one half of
a longitudinal mode). An oblique motion
is produced at the location of the axis of
symmetry of the mode resulting in rotor
displacement. Inverting the asymmetry
of the excitation results in a inversion of
the driving direction.
(f) Inertia motor. Sawtooth driving
waveforms are used in order to obtain
slow forward motion and fast backward
motion. Because of the inertia of the ro-
tor, the stator slides during the fast re-
turn. e slow forward motion drives the
rotor without sliding resulting in a net
displacement.
Figure 1.4: Friction-driven actuators working principles.
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wave in the structure (see gure 1.4a). Linear actuators have been designed based on this
principle but low amplitude due to non-resonating stator results in poor eciency.
Emier/absorber congurations are also used in order to build surface wave acoustic
motors. In these motors propagating surface modes are excited at high frequency (>5 MHz)
using interdigital transducers (comb-like electrodes deposited onto the active material). Be-
cause they are non-resonant actuators, they usually require high voltage but the use of mul-
tiple active and passive pairs of transducers allows to create an electric energy re-circulation
which improves greatly the system eciency and reduces the required voltage [26].
Association of degenerating vibration modes
Figure 1.5: Degenerating out-of-plane modes of a PZT disc of 50 mm in diameter. Finite
element analysis shows that there exists two vibrations modes at the same frequency
(computation gives 30.862 kHz and 30.902 kHz due to meshing approximations). ese
two modes have the same mode shape with a spatial phase-shi of π2 .
Two vibration modes with the same modal shape and with a 90° spatial phase shi exist
at the same frequency in stators with a circular symmetry (such as presented for a disc in
gure 1.5). ey can be used in order to generate a pure traveling wave (see gure 1.4b).
Assuming these modes can be described as sine functions in space and are excited with a 90°
temporal phase shi:
u1(r, θ) = A(r) sin(kθ) sin(ωt)
u2(r, θ) = A(r) cos(kθ) cos(ωt)
e sum of both waves results in the traveling wave:
u(r, θ) = A(r) cos(kθ + ωt)
Using this principle, energy is stored in the structure during each period because of the
resonance eect. us, the amplitude of the traveling wave is signicantly increased as
compared to emier/absorber traveling wave actuators leading to beer performance of the
actuator. is kind of actuator has known great developments and is one of the only type of
rotary ultrasonic actuator that is commercialized2.
2hp://www.shinsei-motor.com
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In some cases, two modes of dierent order in a non circular symmetric structure (bend-
ing modes of a beam for example) can have very similar mode shape and locally be phase
shied because of the change in wavelength. If the modes are close enough in frequency
they can be excited at the same time leading to the formation of a traveling wave locally on
the bar, even though mode shapes are not exactly the same [27].
1.4.2 Standing wave ultrasonic motors
Standing wave actuators are based on the excitation of one or several vibration modes of a
structure which do not result in the formation of a pure traveling wave but of local elliptical
or oblique motions that are used to drive a rotor.
Multi-modes standing wave actuators
For some geometries of a given structure, it is possible to nd two modes at the same fre-
quency with dierent mode shapes. e simultaneous excitation of those modes with a tem-
poral phase dierence results in elliptic motions at some points of the stator (gure 1.4c).
Because the mode shapes are not the same, the elliptic motions are not the same along the
stator and friction tips are placed wherever the vibration is the most important. ese actu-
ators are widely used in linear actuators based typically on longitudinal and bending mode
of a bar [28].
Some actuators, such as the “hybrid actuator” proposed by Kurosawa and Ueha [29],
do not use two resonant modes but only one resonance to produce the elliptical motions.
e second displacement is produced using high amplitude actuators such as multi-layered
transducers. e advantage is an increased exibility in terms of design since there is no
need for two degenerating modes. A greater variety of motions (Lissajous gures) can be
produced at the interface since the non-resonant motion can be generated at any frequency.
Single mode standing wave actuators
With adequate placement of friction tips on a resonating structure, it is possible to generate
oblique motion and drive a rotor (gure 1.4d). is kind of actuator is not reversible and
the placement of the friction tips governs which direction of thrust is going to be favored.
Another way to build single mode standing wave actuators is to use a symmetric mode
associated to an asymmetric excitation (gure 1.4e). PI Line motors [30] use this principle
in which an oblique motion transmits torque to the rotor via a friction tip placed on the
stator. It is possible to reverse the direction of thrust by changing the excitation area of the
piezoelement.
As compared to multi-modes actuators, single mode actuators are simpler to implement
with only one resonant mode. Multi-modes and asymmetric single mode actuators have the
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advantage to be reversible. Althoughmulti-modes is themost complex architecture, it allows
for beer control of the driving motions especially when low speed control is required [31].
1.4.3 Inertia motors
Inertia motors are quasi-static friction-based motors that use inertia eect in order to drive a
rotor. Since they are not resonant they can be operated in a large span of frequencies. eir
working principle uses sawtooth driving signals which result in a two steps movement: rst,
slow motion causes the stator to stick to the rotor and move it forward while a second fast
motion results in a sliding of the stator against the rotor causing a total net displacement of
the rotor (gure 1.4f). Because of this working principle, inertia motors are oen referred as
stick-slip actuators.
1.5 Friction-driven actuators: Single-stator ultrasonic
motors
e rst type of friction based spherical motors that is studied uses a single part as the stator
of the motor. Several vibrations are excited in the stator to drive the rotor in the desired
direction.
1.5.1 Standing wave single-stator actuators
Longitudinal-bending standing wave actuators
e large majority of ultrasonic spherical motors examples found in literature are based on
the use of bending and longitudinal vibrations of cylinders or prismatic beams.
Cylinder-based e rst type of single-stator actuator that is studied is based on the vi-
bration modes of a cylinder. A cylinder is designed in order to have one longitudinal mode
and a bending mode at the same frequency. Because of the symmetry, there exists two de-
generating bending modes at the same frequency along two orthogonal axis. By using a
combination of either the longitudinal mode and one bending mode or the two bending
modes, three degree-of-freedom motion can be obtained (see gure 1.6).
Cylinder-based ultrasonic spherical motors are among the most popular single-stator
motors found in literature. Amano et al. [33] propose one of the rst motor based on this
principle. ey nd that it is possible to nd a geometry for which both rst longitudinal
and third bending modes of a hollow cylinder are at the same frequency. e designed motor
has an outer diameter of 20 mm and a length of 118 mm. Maximum torque is 30 mN.m and
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(a) Working principle of a rod-type
MDOF actuator. Two bending modes are
used in order to produce a rotation along
the z-axis while the longitudinal mode is
associated to one bending mode in order
to produce a rotation along the y- and x-
axes.
(b) Typical assembly. e rod-type
MDOF motor is based on cylindrical ele-
ments that are assembled together. ree
groups of PZT elements are used in order
to excite the three modes independently.
Figure 1.6: Working principle and assembly of a rod-type single stator spherical motor.
Reproduced from [32], © 2001 IEEE.
maximum speed is 40 rpm at 300 Vpp on longitudinal mode and 360 Vpp on bending mode
excitation.
Takemura et al. [32, 34] (gure 1.6) design a similar stator that uses both rst longitudinal
and second bending modes of a cylinder. Using the second bending mode instead of the third
results in a shorter height of the cylinder (the height to length ratio is 3.1 instead of 5.9 for
[33]). e obtained mechanical characteristics are a 5 mN.m stall torque and 180 rpm at 20
Vpp (longitudinal) and 40 Vpp (bending). Modal excitation is ensured using d33 eect of
piezoelectric rings similarly to [33], three groups of piezoelements are used: one causing a
symmetric excitation for the longitudinal mode, and two others causing an anti-symmetric
excitation along the x- and y- bending axes (see gure 1.6b).
Li et al. [35] discuss key issues when designing cylindrical stators. ey show that slots
along the cylinder can eectively improve amplitude of the vibration in the stator and be
used to tune resonance frequencies of the modes. ey also discuss the location of the
piezoelectric elements that should be at the maximum strain of each mode. e contact
angle between stator and rotor signicantly changes the performance of the actuator with
an optimum around 55° for x- and y- driving directions.
Although they show quite large stator-to-rotor volume ratio (4.2 to 8.85 when assuming
an equal diameter between outer surface of stator and rotor), these motors are well adapted
to miniaturization and have been miniaturized. Gouda et al. ([36]) show a miniaturization of
a cylinder-type longitudinal-bending actuator, the cylinder is 15mm high for a diameter of
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1.7mm. In their design, the vibration modes are no longer excited by independent elements
but using a disc with four independent quarter electrodes on which combination of symmet-
ric and anti-symmetric excitations are applied. A 6mm rotor led to a 1 µN.m torque with a
no-load speed of 10 rps (600 rpm) at an excitation voltage of 100 Vpp.
Figure 1.7: Miniaturized Longitudinal-bending spherical motor proposed by Rogers et
al. [2]. Rotor is 350 µm in diameter. Modes are excited using shear (d15) piezoelec-
tric eect. © IOP Publishing. Reproduced by permission of IOP Publishing. All rights
reserved.
Rogers [2] (gure 1.7) proposes a tiny spherical motor (350 µm diameter rotor) based on
the excitation of the vibration modes of a cylinder. Rotation about the z-axis is ensured by
exciting the two degenerating rst order bendingmodes while the x- and y-axis rotations use
an association of the rst longitudinal and second bending modes. e author proposes to
reduce bending mode frequency by inserting slots inside the stator, eectively reducing the
length needed for 1st longitudinal and 2nd bending mode degeneration. Slots are also used to
break symmetry and have beer selection of the excited mode. Using this technique, the two
bending modes are no longer at the same frequency, therefore simplifying their independent
excitation.
e miniaturization of the motor causes problems in terms of excitation of the modes
since it is dicult to include three piezoelectric separated groups to excite the dierent
modes. In [2], the modes are excited using a single piezoelectric element with several elec-
trodes. e novelty in the excitation is that the d15 eect is used by grounding the boom
electrode while the side electrodes of the element are excited. A symmetric excitation is
applied for longitudinal mode excitation while an anti-symmetric signal excites the bend-
ing modes. e motor achieves 5000 rpm with a maximum torque of 2 nN.m at 21.2 VRms
(∼60Vpp). In [37], Yun et al. discuss the diculty to control the vibration direction of the
motor and propose to improve the controllability by tilting the cylinder, therefore causing
an increase in non-degeneracy of the bending modes of the cylinder.
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ese actuators show simple design with great potential of miniaturization and good
rotor guidance. However their compactness is limitedwith aminimum stator to rotor volume
of about 2.1 found in literature (when the rotor is slightly larger than the outer diameter of the
stator). In addition, the single-stator structure is subjected to interferences between modes
which cause diculties in the control of the rotation direction.
Figure 1.8: Spherical single stator prototype proposed by Zhang et al. [3]. e bending
and longitudinal modes are excited using d31 eect of piezoelectric elements that are
along the outer surface of the stator. Reprinted from [3], Copyright 2008, with permis-
sion from Elsevier.
Prismatic rod Zhang et al. [3] (gure 1.8) propose a similar concept of longitudinal-
bending actuator associated with a novel way to excite bothmodes. Plane surfaces are drilled
on the cylinder in order to place piezoelectric elements. e structure is designed in order
to have the two second order bending modes and rst order longitudinal mode at the same
frequency. Unlike designs presented previously, the in-plane deformation of the piezoelec-
tric elements is used in order to excite the vibration modes of the stator (d31 eect is used
instead of d33 observed in the previous congurations). emotor shows a maximum torque
of 0.85 mN.m with a rotor of 10 mm at 180 V. A very low preloading force (40 mN, weight of
the rotor) explains the low torque of the motor.
Resonant and non resonant combination Some ultrasonic motors use only one reso-
nant vibration associated with another non-resonant displacement (usually obtained using
multi-layered actuators because of their high deformation). erefore, they do not require
two vibration modes to be degenerating. Zhang et al. [4] propose a “hybrid” actuator based
on a multi-layered element in order to produce a large longitudinal displacement at low
voltage (4V) without need for a resonance eect (gure 1.9). is displacement is associated
with the resonant excitation of one of the degenerating bending modes, depending on the
required direction of the movement. Because there is no need for mode degeneration, the
stator structure can be smaller and the stator-to-rotor volume ratio is around 1.25 with a
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Figure 1.9: Hybrid Spherical Ultrasonic motor proposed in [4]. is longitudinal-
bending actuator uses resonant motion in order to produce the bending vibration while
the longitudinal vibration is a non-resonant displacement that is performed using multi-
layered piezoelectric actuator. Reprinted from [4], Copyright 2011, with permission from
Elsevier.
rotor of 25 mm (2.5 with a rotor with the same outer diameter of the stator: 20mm). e
obtained stall torque and maximum speed are 23.5 mN.m and 200 rpm.
is kind of actuator have several advantages as compared to longitudinal-bending res-
onant actuators: ere is no need for mode tuning of the stator since only one mode is used
and the compactness of the motor can be improved. On the other hand, multilayered ac-
tuators are expensive and have high loss as compared to bulk piezoelectric elements [38],
they require a power source that can deliver enough current to drive the highly capacitive
element and are also less adapted to miniaturization.
Figure 1.10: Tip-based spherical actuator. A small stator shaped as a tip is used to
drive a spherical rotor, bending and longitudinal modes are associated in order to obtain
elliptical motions at the contact area with the rotor. Reproduced from [39], © 2009 IEEE.
Tip actuators Tip-based rod-type spherical actuators use elliptical motions generated at
a tip by exciting standing waves in a cylindrical or prismatic rod. e tip is placed in contact
with the rotor to generate motion of the sphere. Several designs are found in literature, one
notable design is the one proposed in [39] (gure 1.10). e stator is a small rod which has
its second bending modes and rst longitudinal mode at the same frequency. Modes are
excited using d31 eect of piezoelectric elements. e rod is shaped as a 1.8 mm diameter tip
in which a V-notch is machined in order to hold the spherical rotor in place.
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In [40], Hu et al. propose a similar tip-based actuator where the semi-spherical stator is
static and the actuator is part of the rotor. Although the excitationmethod is slightly dierent
from [39] and uses d33 deformation of a PZT element, the actuator still uses a combination
of bending and longitudinal mode of a tip. e advantage of the tip-based actuator is their
size that can be very small and can lead to very low stator to rotor ratio. ey are also easily
miniaturized because of their monolithic structure. However, the contact aorded by a tip is
less reliable than a cylinder based actuator and do not oer good guidance of the rotor. e
solution of amoving actuator proposed in [40] improves guidance but reduces the workspace
and ability of the motor to be miniaturized.
Radial-bending standing wave actuators
Radial-bending single stator sphericalmotors are based on a similar principle as longitudinal-
bending actuators. A radial mode of a ring-like structure is used instead of the longitudinal
mode. e resulting geometries are at as compared to longitudinal-bending actuators but
their outside diameter is larger.
(a) Working principle of a ring-type
MDOF motor. ree dierent vibrations
are used, radial and bending vibration are
combined in order to produce rotation
along the three axes.
(b)Assembly of a two disc radial-bending
actuators. Two active parts are associ-
ated and provide complete guidance of
the rotor.
Figure 1.11: Sandwich-type spherical ultrasonic motor. Figures are reproduced from
[41]. Copyright 2010 e Japan Society of Applied Physics.
Aoyagi et al. [42] propose an example of a disc shaped spherical actuator. Radial and
bending vibrations are combined in order to obtain movement along the x- and y- axis while
two degenerating bending modes are used in order to rotate the sphere about the z- axis.
eir prototype has a stall torque of 70 mN.m but the outer diameter is more than twice the
diameter of the rotor so that, in spite of its at structure, the motor shows a stator-to-rotor
volume ratio of 12. A similar conguration, with a two disc stator, is proposed in [41] (see
gure 1.11). In this case, the stator is scaled downwith a stator to rotor volume ratio of 5.8 and
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the z-axis rotation is not ensured by bending modes but using combined degenerate in-plane
modes of the disc (see gure 1.11a). e system shows a maximum torque of 58 mN.m and
oers complete guidance of the rotor.Lu and Aoyagi [43] propose also an outer-rotor design
based on a similar structure. Although the structure is less suitable forminiaturization, beer
preloading homogeneity is obtained along with overall easier fabrication.
In [44], Lu et al. propose an interesting concept of rotor embedded ultrasonic spherical
motor structure. e stator of the motor is a monolithic structure that act as a cage for the
rotor. e spherical rotor is completely constrained and no additional guiding system is
required. Working prototype has only be demonstrated for z-axis because of the diculty
to produce a monolithic stator with an embedded rotor.
Plate-type ultrasonic stator
Figure 1.12: Spherical ultrasonic motor based on out-of-plane modes of a planar stator.
Several out-of-planes modes of the plate are combined using independent PZT elements.
Phase-shied excitations of two modes result in the formation of elliptical motions that
drive the rotor. Reproduced from [45], © 2004 IEEE.
Single stator spherical ultrasonic motors based on the excitation of standing bending
waves in a plate have also been reported. In general one or several protrusions are placed
on a plate which is excited in order to produce elliptical motions at the tip of the protru-
sions. Takemura et al. [45] propose a design based on a symmetric and two antisymmetric
out-of plane modes which are at the same frequency so that combination of two modes
causes displacement about any of x-, y- or z-axis. e stator is built from a mono-block of
brass under which several piezoelectric elements are placed (see gure 1.12). No information
about transmied torque is given but the rotor achieves a maximum speed of 50 rpm at 20V
amplitude.
Instead of the small tips, Goda et al. [46] propose another design based on the bending
modes of a PZT disk on which a cylinder is mounted. A symmetric mode is associated with
two anti-symmetric modes of a plate, causing elliptical motions at the top of the cylinder
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placed in the middle of the piezoelectric disk. Similar design is proposed in [47] with a
stator made of bronze associated with a PZT disk. Another similar design proposed in [48]
is based on the out of plane modes of a square plate. e 3 mm diameter motor reaches the
maximum speed of 190 rpm at 200 Vpp. No information about the torque of the motor is
given.
Spherical motors based on the bending modes of a plate can provide high compactness
with reasonable guidance of the rotor. e low number of parts required for their design
make them suitable for miniaturization. However, mode coupling due to fabrication defaults
is expected and can induce diculties in the direction control of the motor.
1.5.2 Traveling wave single stator
Bulk acoustic wave
Figure 1.13: Traveling wave spherical motor. A traveling wave is generated using
curved piezoelectric elements that are placed over a hemispherical stator. Reproduced
from [49] © 2010 IEEE
Ting et al. ([50, 49], gure 1.13) propose to cover a hemispherical stator with curved
piezoelectric element placed strategically in order to generate a travelingwave. e elements
are half a wavelength long and spaced of a quarter wavelength. e resulting system is
expected to show a 0.51 N.m maximum torque and 56 rpm maximum speed. In practice the
motor exhibited performance below one third of the estimated values. e motor is compact
but the small piezoelectric pieces placed on the stator are dicult to manufacture and limit
the miniaturization potential of the concept (in gure 1.13, a 60 mm diameter sphere is used
as a rotor).
Surface acoustic wave
Other traveling wave motor designs have been reported using surface acoustic waves (SAW).
In this kind of motors surface propagation modes are used to generate traveling waves. Bar-
Cohen et al. propose a spherical SAW actuator concept [51] based on a curved SAW actuator.
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Figure 1.14: Spherical SAW motor proposed in [5]. Surface acoustic waves are excited
using comb-like electrodes deposited on a PZT substrate. e traveling wave causes the
formation of elliptical motions at the edges of a hole on which a spherical rotor (Ø1mm)
is placed. Reprinted with permission from [5]. Copyright 2011, AIP Publishing LLC.
Although the experimental validation is not reported in this work, the concept should allow
to design highly compact single stator spherical motors. In [5] (gure 1.14), Tjeung et al. pro-
posed a small spherical motor based on a spherical rotor of 1mm in diameter. ey obtained a
maximum speed of 1900 rpm and a maximum torque of 5.37 nN.m at 110 Vpp. As force mea-
surement is dicult at this scale, performance is estimated from transient speed response of
the motor [52]. Surface acoustic wave motors usually require high surface roughness control
since the amplitudes are very small (∼nanometer) [26]. e system proposed in [5] uses a
hole to improve the contact and reduce roughness inuence.
1.6 Friction-driven actuators: Multi-stator ultrasonic
motors
1.6.1 Standing wave
Figure 1.15: Spherical multi-stator ultrasonic motor based on linear actuators [6]. Mul-
tiple asymmetric single-mode actuators are placed in parallel in order to actuate a spher-
ical rotor (Ø44.5mm) in the three angular directions. © 2010 IEEE.
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Multiple standing wave linear stators can be adapted to a spherical rotor in order to ob-
tain multidegree-of-freedom. Numerous linear designs can be considered and lead to a large
versatility of the spherical motor geometry. One example of the adaptation of a linear piezo-
electric motor to a spherical motor is presented in [6] (gure 1.15). e proposed motor uses
four dierent asymmetric excitation standing wave linear stators (gure 1.4e) that operate
using a principle similar to commercially available Physik Instrumente piezomotors [30].
e actuators are mounted in parallel in order to provide multidegree-of-freedom and their
simple operation allows the system to have a very low stator-to-rotor volume ratio of 0.04.
e motor shows a maximum speed of 50 rpm along x- and y- axis and 180 rpm along the z-
axis for an excitation voltage of 30Vpp.
Another design is proposed by Otokawa and Maeno [53], their motor is based on the
use of single vibration modes of dierent plates. ey combine four identical plates for
which three dierent modes can be excited. Combining those modes, they achieve multi-
DOF displacement. However, the use of dierent modes for each motion leads to dierent
characteristics on each axis (5mN.m and 80 rpm on z-axis, 15 mN.m and 45 rpm on x-axis,
4mN.m and 13 rpm on y-axis).
1.6.2 Traveling wave
Figure 1.16: Traveling wave multi-stator ultrasonic spherical motor [7]. ree conven-
tional traveling wave actuators are placed in parallel and provide 3-DOF angular motion.
© 2009 IEEE.
Traveling wave stators are well known ultrasonic actuators. Since their development by
Sashida [54], they have known commercial success and are mature technologies. e use of
multiple traveling wave motors on a sphere oers three rotations that can be used to orient
the sphere in any direction. One of the rst concepts of a spherical motor based on the use
of four traveling wave stators, has been proposed by Toyama et al. [55, 56]. It is based on a
60mm rotor and shows a maximum speed of 160 rpm and 290 mN.m at 150 V.
Hoshina et al. [7, 57] proposed a spherical motor based on the use of three traveling wave
motors. First, they chose to use amoving spherical rotor in which the payload (a camera) was
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placed, but because of the interaction between the camera inside the sphere and the stators,
the workspace of the motor was limited to around 60°. An outer stator conguration (see
gure 1.16) where the stator is moving while the sphere is xed was chosen to improve the
workspace of the actuator to 270°. e actuator shows a torque of 4mN.m with a maximum
speed of 80 rpm. A closed loop position control using potentiometers shows a good accuracy
of 1°.
Traveling wave multi-stator spherical motors oer simple design, with the use of well
known actuators that are commercially available. Compactness and miniaturization of these
systems is however limited because of the large size of the traveling wave actuators.
1.7 Friction-driven actuators: Inertia motors
Figure 1.17: Inertia spherical motor based on Gafenol magnetostrictive alloy [8]. Saw-
tooth current signals are applied to the coils, resulting in a stick-slip motion that actuate
the rotor. Reprinted from [8], Copyright 2009, with permission from Elsevier.
Inertia motors are non-resonant friction-based motors that use a two steps movement of
the actuator based on rst, a slow sticking movement, followed by a fast sliding movement
resulting in a net displacement of the rotor in contact with the actuator. e two motions
are generated using saw-tooth driving signals (see gure 1.4f). In [58], several designs for
spherical inertial stepping motors are proposed. In general three piezoelements are put in
contact with a sphere. Driving the elements with a voltage of 15 Vpp or more leads to tan-
gential displacement of a few nanometers along the edge of a 4 mm rotor, leading to high
precision of about 1 arcsec (4.8µrad). An interesting example of an application of an inertia
spherical motor is the MINIMAN ([59]), a miniature manipulation platform which uses a
spherical motor to move a gripper in the three angular directions.
Another inertia motor is proposed in [8] (shown in gure 1.17). is motor is based on
four rod of gafenol magnetostrictive alloy which are placed around a spherical rotor. Stick-
slip actuation of the alloy lead to a maximum torque of 0.2 mN.m and maximum speed of
50 °/s for a 4 mm sphere at 1kHz. Higher frequency leads to higher speed (up to 350°/s), but
controllability is greatly aected above 2 kHz due to limitations in the material bandwidth.
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Inertia motors have interesting properties because of their non-resonant nature and sim-
ple design but their working principle limits the speed that can be reached. ey are inter-
esting actuators when high-precision is required.
1.8 Discussion
Based on the references presented in this review, it is proposed to compare the dierent
spherical actuators principles. Table 1.1 sums up the characteristics of the compared systems
when data are available. e rst characteristics that are interesting to compare are the
output mechanical characteristics (i.e. torque and speed). Nevertheless, although lot of data
is found in the literature, it is dicult to oer a fair and objective comparison. Friction-driven
technologies have numerous parameters (preloading, ceramics, friction materials, voltage…)
that make the comparison dicult. Moreover, because of the low number of prototypes, all
with dierent sizes, it is hard to be denitive about, for example, which technology oer
the best torque capability. In gure 1.18, torque of the dierent systems are represented as
a function of the rotor size. As discussed earlier, systems are very dierent in terms of size
and torque capability. Even electromagnetic spherical systems show big discrepancies in
performance for systems of about the same size. As expected, the global tendency is a lower
torque as the size of the rotor decreases. A t of the data by a power law gives an average
idea of this evolution (T ∝ D1.65). Although no denitive conclusion can be given in terms
of torque, the gure is useful for confronting new systems to the state of the art.
Despite of this lack of information about performances of the presented concepts, a qual-
itative discussion is proposed. is discussion is based on ve important criteria for spherical
motor design:
• Miniaturization which is dened as the ability of a system to be scaled down. is
criterion measures the ability of a motor concept to be used for the realization of small
systems.
• Compactness represents how much the dierent parts of the system can be packed
together. It is measured by the stator-to-rotor ratio.
• Rotor guidance indicates how much the actuation system provides for a guidance of
the spherical rotor. is is particularly important as systems are scaled down.
• Implementation simplicity discusses how simple the system is to manufacture and
control.
• Driving electronics denes what kind of electronics are required and how complex
they are.
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Table 1.1: Q_uantitative data for different single-rotor spherical actuators (when data
is available)
Type Reference Year Volume
(cm3)
Rotor
diameter
(mm)
Stator
to
rotor
ratio
Torque
(mN.m)
Speed
(rpm)
Longitudinal-
Bending
Amano et al [33] 1998 37.07 25 4.5 30 40
Li et al.[35] 2007 17.69 25 2.2 90 90
Takemura et al. [32] 2001 2.50 10 4.8 7 250
Gouda et al. [36] 2006 0.56 6 4.9 1 600
Rogers et al. [2] 2010 0.00 0.397 2.2 2E-6 5000
Zhang et al. [3] 2008 3.00 10 5.7 1 227
Hybrid Zhang et al. [4] 2011 10.37 25 1.3 24 200
Tip type Khoo et al. [39] 2009 0.11 11.2 0.15 2 58
Radial-bending
Aoyagi et al. [48] 2004 106.40 25.4 12.4 69 -
Lu et al. [41] 2010 24.14 20 5.8 58 -
Lu et al. [44] 2011 23.27 25.4 2.7 20 -
Plate bending
mode
Takemura et al.[45] 2004 2.00 40 0.06 - 50
Goda et al.[46] 2009 0.06 6 0.5 - -
Aoyagi et al.[42] 2002 1.30 3 92.0 - 191
Surface acoustic
wave
Tjeung et al. [5] 2011 0.13 1 238.7 5E-6 1900
Bulk traveling
wave
Ting et al. [49] 2010 171.50 60 1.5 170 19
Multiple traveling
wave actuators
Hoshina et al. [7] 2009 48.60 15 27.5 4 80
Multiple standing
wave actuators
Shen [6] 2010 2.05 44.5 0.04 - 50
Otokawa et al.[53] 2004 1.79 40 0.05 15 70
Inertia motor Ueno et al. [8] 2006 33.51 4 6.75 0.2 8.33
Direct drive
electromagnetic
Bederson et al. [25] 1992 120.00 30 8.5 8 14
Wallace et al. [24] 1993 512.00 50 15.3 20 83
Wang et al. [60] 1998 178.41 48 3.1 400 57
Wang et al. [23] 2001 452.39 62 3.6 600 57
Stepping
electromagnetic
Week et al. [1] 2000 12730.55 275 1.2 40E3 120
Yano [19] 2010 348.45 78 1.4 13 300
Synchronous
electromagnetic
Yano [21] 2007 4871.99 130 4.2 590 15
Induction Kumagai et al. [22] 2013 1029.96 246 0.13 4000 300
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Figure 1.18: Torque as a function of rotor diameter for spherical single rotor MDOF
motors. A large dispersion is observed in terms of torque due to the great variety of
systems and the dependance of torque on a large amount of variables. Nevertheless, a
tendency can observed from the power law ed. It can be noted that electromagnetic
devices are well adapted to large mechanical systems while friction-driven actuators are
preferred for small size rotors.
1.8.1 Electromagnetic systems
Figure 1.19:alitative comparison of electromagnetic spherical systems regarding the
proposed criteria.
Figure 1.19 presents the qualitative comparison of electromagnetic spherical actuators.
As shown in gure 1.18, electromagnetic systems are not well adapted to miniaturization
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and no system below 120 cm3 is found in literature. Electromagnetic actuators are com-
posed of numerous mechanical parts and permanent magnets that make the realization of
low size systems dicult. Direct drive electromagnetic actuators that use only one magnet
associated with a limited number of coils are adapted to the realization of decimeter-scaled
systems. Induction motors which do not require the use of permanent magnets and can be
build using micro-fabrication technologies [61], are the electromagnetic technologies that
have the best potential in terms of miniaturization. Induction motors have a low stator-
to-rotor ratio that make them suitable for compact electromagnetic motors while stepping
electromagnetic motors require the use of a high number of coils that limit their compact-
ness. Electromagnetic actuators do not oer any guidance of the rotor. erefore, they
require bearings such as ball transfer units or spherical bearings. is requirement is one of
the reason why their miniaturization is complicated. Electromagnetic technologies imple-
mentation can be dicult in terms of control. e use of a high inertia rotor associated with
low torque in direct drive actuators and the high number of magnetic poles in synchronous
and stepping electromagnetic motors require an adapted control of the actuator. Driving
electronics of spherical electromagnetic motors are simple since they are similar to single
degree-of-freedom motors which are well known technologies.
1.8.2 Single-stator ultrasonic technologies
Figure 1.20: alitative comparison of single-stator spherical systems regarding the
proposed criteria.
Figure 1.20 shows the qualitative comparison of single-stator spherical ultrasonic tech-
nologies. Single-stator ultrasonic technologies are the best suited for miniaturization among
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spherical motors. e use of a monolithic stator simplies the realization of small systems
with prototypes existing at the millimeter scale. Stator-to-rotor ratio vary as a function of
the used technology. Cylinder-based prototypes require the structure to have one longitu-
dinal and a bending mode at the same frequency and result in a large stator as compared
to the driven rotor. One solution to increase the compactness of the systems is to design
tip-based longitudinal-bending actuators that are small but provide limited guidance to the
rotor. Other solutions such as plate-based or radial-bending single stator motor are at sta-
tor designs that provide good guidance of the spherical rotor. Single-stator spherical motors
guide the rotor in one direction, however additional guidance is generally required for ob-
taining a completely constrained rotor. It can be based on a magnetic preloading force or
on the use of a two part stator such as in radial-bending-actuators. e implementation of
these systems is complicated because of the coupling of the dierent vibrations in the single
stator that make the direction of motion dicult to control. Although ultrasonic actuators
are more and more used in mechatronic systems, their electronics stay complicated because
of the need for high voltage with high frequency power sources associated with a resonance
tracking control algorithm.
1.8.3 Multi stator-ultrasonic technologies
Figure 1.21: alitative comparison of multi-stator spherical systems regarding the
proposed criteria.
Figure 1.21 shows a qualitative comparison of multi-stator spherical systems. e minia-
turization of these systems is limited because of several mechanical parts that require to be
assembled together. It limits their implementation to centimeter-sized systems. Multi-stator
spherical motor are very versatile in terms of geometry since almost any single-degree of
freedom ultrasonic actuator can be adapted to drive a spherical rotor in a multi-stator de-
28
1.9. TARGET APPLICATION OF THIS WORK
sign. erefore, their geometry can be adapted to obtain high stator-to-rotor ratio alongwith
good guidance. e use of several ultrasonic traveling wave motors in parallel is interesting
in terms of rotor guidance but the large size of these actuators limits their miniaturization
and compactness. ese actuators have an individual control over the rotation axes. ere-
fore, their implementation is easier than for single-stator ultrasonic spherical motors. Inertia
motors use non-resonant driving technologies that are interesting since they do not require
a resonance tracking system what simplify their implementation and driving electronics.
1.9 Target application of this work
Figure 1.22: e target application of this work is a spherical motor adapted to the sta-
bilization of a small camera placed on a person. e actuator should be small enough to
t on someone shoulder and have a sucient dynamic response to provide stabilization
in extreme situation such as on a running person.
In this chapter, numerous existing electromagnetic and friction-based prototypes are re-
ported with various driving principles. From this review, important criteria for the design of
multi-degree-of-freedom single rotor actuators have been proposed. Compromises have to
be made between these criteria and it is important, before designing an actuator, to dene
the needs and application of the future motor.
In this thesis, the proposed application is the fast actuation of a partial sphere in order to
achieve pan-tilt motion of an optical component such as a camera, a laser or a mirror. e
system aims at beingmounted on a person and should provide the dynamic performance and
angular amplitude to be able to stabilize a camera in real time while the person is running
or in extreme situation (gure 1.22). e system is expected to be placed on the shoulder in
order to oer a large eld of view while limiting intrusion for the user.
While running, the shouldermoves of about 40° at frequencies of 3.5 to 4Hz (Smoliga [62],
Cavagna et al. [63]). Based on these data and considering a spherical rotor with a diameter
of 30mm, it is possible to estimate the required properties for the actuator. e estimation
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is based on a typical response of the actuator which consists of a 40° movement at a 8Hz
rate (125 ms period). 20% of the travel time is dedicated to acceleration and deceleration of
the rotor while during the 80% remaining, the actuator is at constant maximum speed. From
this characteristic, a maximum speed of 460°/s and accelerations of 36000°/s2 are required to
actuate the spherical rotor. An inertia moment of 3000g.mm2 is estimated from Solidworks,
based on a partial sphere made of aluminum material. From classical dynamics, a torque of
2mN.m, required for proper rotor movement can be computed. Additional torque should be
considered if the rotor is not balanced. A 15g mass o-centered of about 10mm generates a
1.5mN.m torque due to gravity that should be taken into account.
Although these reexions provide for only rough estimations of the required mechanical
properties. ey give a useful indicator to study computed and measured properties of the
actuator. A 5mN.m torque actuator will be considered enough for a stabilization applica-
tion. e dierent systems that exist at the centimeter scale are friction-based actuators and
particularly piezoelectric ultrasonic actuators. Several designs can be considered:
• Single-stator design have great potential in terms of miniaturization. However cou-
pling between each axis limits their implementation simplicity. e use of a single
stator limits also the geometries that can be considered.
• Multi-stator design and especially standing wave actuators allow for a high number of
possible geometries, without problems of coupling between axis. It oers high com-
pactness and is suitable to build centimeter-sized systems.
• Inertia motors are less complex to design than ultrasonic actuators but they are limited
in terms of reachable speed and torque.
For the considered application, a multi-stator design will be used. It provides for a high ver-
satility in actuator geometry along with a simple characterization of the actuator which is
possible on a single degree-of-freedom motor assembly. e absence of coupling between
the axes is also an advantage that simplies motor implementation. Hoshina et al. [7] (Fig-
ure 1.16 on page 22) proposed a motor based on the association of multiple traveling wave
actuators mounted in parallel while Shen and Huang [6] (Figure 1.15 on page 21) use stand-
ing wave actuators. Although the traveling wave design provide high rotor guidance, it is
dicult to build a compact system with this approach. On the other hand, the standing wave
prototypes are interesting since they oer great compactness and ability to be miniaturized.
One limitation is the rotor guidance that requires additional mechanical parts and make the
actuator dicult to integrate. A substantial improvement would be the design of a stand-
ing wave ultrasonic actuator that can provide good miniaturization and compactness while
providing an excellent rotor guidance and easy integration.
Since ultrasonic actuators are friction-based actuators, they are subjected to wear and
stresses. e common use of friction tips as contact transmission mechanism in current
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(a) Reduction of stress concentration (b) Fully constrained
spherical rotor
Figure 1.23: Expected improvements using an extended contact area for the ultrasonic
actuator
standing wave linear actuators causes localized stresses around the friction head and there-
fore high wear of the contact layer for a given preloading force. An enlarged contact area
could be interesting to obtain a beer pressure distribution and reduced wear of the contact
layer (gure 1.23a). In addition, this increased area could also be used to improve rotor guid-
ance and to oer a completely constrained sphere similarly to the concept used for radial-
bending actuators. A fully constrained rotor would be obtained by the association of three
or more actuators as shown in gure 1.23b. A curved contact surface of the same radius as
the rotor is proposed for our application. Two major working principles can be used to drive
a rotor from standing waves:
• Single-mode asymmetric actuation: A single vibration mode of a structure is excited
asymmetrically. is causes the formation of linear oblique motions at the interface
that drive the rotor. Inversion of the asymmetry causes reverse motion of the rotor.
(see gure 1.4e on page 10)
• Multi-mode actuation: two dierent modes of a structure are excited at the same fre-
quency with a temporal phase shi in order to generate elliptical movements at the
interface. A change in the phase shi causes reversed motion. (see gure 1.4c on
page 10)
An extended contact surface for the actuator implies the interaction of multiple friction
forces along the stator/rotor interface. Although these interactions can be constructive, some
of the generated forces could also act against each other causing a diminution of the actuator
eciency. To our knowledge, only few literature has discussed the inuence of the contact
extent on standing wave ultrasonic actuators. Spanner and Koc [64] discussed briey the
use of an extended contact surface on an asymmetric single-mode actuator similar to those
presented in gure 1.15. However, the use of a single vibration resulted in non-constructive
movements that limited the performance. Lu et al. [65] developed a multi-mode actuator
with several points of contact at the interface. Proper operation of the motor is reported
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although no explicit comparison with a single foot motor is made. e use of a multi-mode
actuation principle, although more dicult to design, presents an improved control over
the motions produced at the interface that could be used to produce elliptical constructive
motions. In this work, it is proposed to use a combination of two vibration modes as the
working principle for the developed actuator.
1.10 Proposed design method
Figure 1.24: Overview of the two steps energy conversion in an ultrasonic motor. e
electrical energy is injected into a piezoelectric material that causes the deformation of
the material and vibration of the mechanical structure. ese vibrations are transmied
to a rotor through friction so that nally useful mechanical energy is obtained. Chapter
2, 3 and 4 of this thesis describe a model for these conversion steps.
An ultrasonic motor is based on a two step energy conversion shown in gure 1.24:
• e rst step is the conversion of electrical to mechanical energy in order to produce
vibrations in the stator. is conversion step uses the piezoelectric eect that con-
vert dielectric energy into material deformation. is repeated conversion leads to the
generation of vibrations into the mechanical structure.
• e second step converts the vibratory energy stored in the stator into a displacement
of the rotor. Repeated movements at the edge of the rotor cause a continuous move-
ment of the rotor.
In the remaining of the work, a complete model of the ultrasonic motor is proposed. It is
divided into three chapters:
• Chapter 2 proposes to design the mechanical structure. is step is essential to select
the vibration modes and modes shapes necessary for the description of the rst and
second energy conversion steps. eoretical vibratory concepts are presented along
with the denition of the proposed actuator using nite element modal analysis.
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• Chapter 3 describes the second conversion step. A contact model is proposed and
applied to the developed actuator. Dierent contact parameters are analyzed.
• Chapter 4 focuses on the rst conversion step. eoretical concepts of piezoelectric
devices are presented and applied to the case of our actuator. e eect of the exci-
tation electrodes is specically studied. is chapter, combined with chapters 2 and 3
allows to provide for a complete model of the ultrasonic motor.
Finally the chapter 5 presents an ultrasonic motor prototype based on the target application.
Inuence of multiple parameters is veried experimentally. e presented method, although
specically applied to our application, is general and could be used for the design of other
ultrasonic actuators.
1.11 Conclusion
In this chapter the dierent approaches for multidegree-of-freedom ultrasonic motors are
proposed. e review focuses on motors based on spherical rotors. ey have a high po-
tential for compact, low inertia multi-degree-of-freedom (MDOF) actuators. Several criteria
for the evaluation of spherical motors are proposed. Ultrasonic friction-driven technologies
are well adapted to the realization of miniature actuation systems. ey are based on few
mechanical parts and oer self-guidance to the rotor. Numerous prototypes are presented.
eir design can either be based on a single-stator or several stators. e rst approach is
easily miniaturized. However, coupling between the driving vibrations might lead to par-
asitic motion of the desired rotation direction. e use of several stators placed in parallel
does not suer from such disturbances. However, their miniaturization is limited due to a
higher number of mechanical parts.
e target application of this work is then presented. e objective is to design an ultra-
sonic spherical actuator that can be used for the stabilization of a micro-camera in extreme
conditions. e proposed concept is based on multiple actuators placed in parallel. eir
contact area t the spherical rotor outer surface so that a complete guidance of the rotor is
possible. Finally, the design methodology developed in the next chapters is presented.
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2.1 Introduction
is chapter presents the rst step of the proposed methodology for ultrasonic motor design.
It is organized in three main sections:
• e rst section introduces basics about vibration theory. e objective is to provide
for vibrations concepts that are useful to improve the properties of ultrasonic motors.
It focuses specically on the use of standing waves and the amplication phenomenon
caused by resonance in solids.
• e second section details modal nite element analysis of the actuator. A generic
parametric geometry is proposed. Modes useful for actuation are presented and a spe-
cic mode combination is chosen based on several criteria. e geometric variations
are analyzed and a nal geometry of the actuator, adapted to the target application, is
proposed.
• e last section proposes a modal sensitivity analysis. Modal analysis is useful to
evaluate the eect of disturbances on the vibration modes. Although it does not have
a direct theoretical interest, it is useful to predict the inuence of geometric tolerances
or soldering points on mode frequencies, therefore providing interesting results for
experimentation.
2.2 Vibrations theory
Piezoelectric motors use vibration of solids in order to transmit forces to a rotor. erefore,
for their design, it is important to understand how mechanics of vibration and numerical
methods can be used to predict vibratory characteristics of a structure. In this section, an
overview of vibration theory is presented. First, resonance and natural frequency concepts
are presented with the mathematical study of a single-degree-of-freedom system, then the
vibration theory is extended to the notion of vibration modes. Finally, the nite element
method and its application to the computation of natural frequencies is discussed.
2.2.1 Mass-spring resonator
Natural frequency
One of the most basic systems studied in vibrations is the mass-spring-damper system (see
gure 2.1), it allows to understand analytically the basic concepts of vibrations. From the
system in gure 2.1, the equation of motion can be wrien:
mx¨ = F − kx− cx˙ (2.1)
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Figure 2.1: Mass-spring-damper mechanical model. e study of this system allows
understanding the natural frequency and resonance concepts.
x¨+
c
m
x˙+
k
m
x =
F
m
(2.2)
k is the stiness of the spring, m the mass and c the damping coecient. is equation
is a second order dierential equation that have a solution x(t) = xh(t) + xp(t). xh is the
solution to the homogenous equation (F = 0) and xp a particular solution of the complete
equation. e homogenous equation can be solved using the characteristic polynomial:
xh(t) = Ae
r1t +Ber2t (2.3)
xh(t) = e
− c
2m
t [A′ sin(ωdt) + B′ cos(ωdt)] (2.4)
with
ωd =
√
4km− c2
2m
(2.5)
ωd is dened as the ringing vibration of the system, it is the angular frequency at which
the system vibrates when it is free of any external force. For an undamped system, a natural
frequency ω0 =
√
k
m
is dened and can be related to the damped frequency:
ωd = ω0
√
1− c
2
4km
(2.6)
Harmonic forced excitation and resonance
If we suppose that the force F is an harmonic excitation of frequency ΩF :
F = F0e
jΩF t (2.7)
e particular solution can be computed as:
xp(t) = Ce
jΩF t (2.8)
And the complete solution is wrien as:
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x(t) = e−
c
2m
t [A′ sin(ωdt) + B′ cos(ωdt)] + CejΩF t (2.9)
erst term represents a transientmovement that does not have inuence aer a certain
amount of time because of the exponential e−
c
2m
t that tends to 0 when t → ∞. e steady
state of the system is thus given by the particular solution xp which can be derived and
replaced into the main equation (2.2):
− Ω2FCejΩF t + j
c
m
CΩF e
jΩF t +
k
m
CejΩF t = F0e
jΩF t (2.10)
e amplitude C is obtained as:
C =
F0
−Ω2F + km + j cmΩF
=
F0(−Ω2F + km − j cmΩF )(−Ω2F + km)2 + ( cmΩF )2 (2.11)
And its module:
|C| = F0
[
1(−Ω2F + km)2 + ( cmΩF )2
]
(2.12)
Figure 2.2: Forced response of a mass-spring-damper system. When the excitation force
has a frequency close to the resonance frequency of the system, an amplication of the
displacement occurs.
e module of the displacement is shown in gure 2.2 as a function of the pulsation ΩF
of the applied force. When the denominator of equation (2.12) is minimum, the module of
amplitude C shows a maximum. It is reached when the pulsation is:
Ω21 =
k
m
− c
2
2m2
=
2km− c2
2m2
= ω20 −
c2
2m2
(2.13)
is frequency is called the resonance frequency, it is dened as the frequency where
the displacement amplitude of the system is maximum. It is also possible to solve for the
frequency where the velocity is maximum:
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Ω20 =
k
m
= ω20 (2.14)
And where the acceleration is maximum:
Ω22 =
2k2
2km− c2 (2.15)
It can be noted that when the damping coecient c becomes zero, the three frequencies
are the same and equals to Ω0 =
k
m
. is frequency is the natural frequency of an undamped
system. In dynamics, resonance frequencies are usually computed in order to be avoided
because the amplication eect is in dangerous. In piezoelectric motors, this eect is inter-
esting because the displacements are low and it can be used to improve the amplitude of the
stator without need for a high voltage power source. Around the resonance, it is practical to
compute a quality factor in order to characterize the damping of the resonance. is quality
factor Qm is dened as the ratio of stored energy at resonance and energy dissipated per
cycle.
Qm = 2π
Energy stored
Energy dissipated per cycle
(2.16)
Considering the energy stored in the spring:
Estored =
1
2
k |C|2 (2.17)
And the energy dissipated in one cycle (which corresponds to the work of the force
produced by the damper):
Edissipated =
ˆ
−cx˙dx (2.18)
Edissipated =
ˆ 2π/Ωc
0
−cx˙× x˙dt (2.19)
Edissipated = πcΩcC
2 (2.20)
Qm is then dened as:
Qm =
√
km
c
(2.21)
When the damping is low,Qm can be computed from the width of the peak at half power
or at max(|C|)√
2
when amplitude is considered (-3dB). An example of such calculation is shown
in gure 2.2. Qm is obtained from the equation:
Qm =
fr
∆f
(2.22)
39
CHAPTER 2. MODAL ANALYSIS: DESIGN OF THE RESONANT MECHANICAL
STRUCTURE
Where fr is the resonance frequency and∆f the width at -3dB. In gure 2.2, an analytical
quality factor of 10 is found. It is close to the peak width method (10.0009). Qm is one of the
essential parameter to qualify the damping of a resonance.
2.2.2 Vibration modes
When considering real structures, the atoms assembly can be considered as a set of mass-
spring-damper systems. is result in an important number of possible resonant motions
that are called vibration modes. Vibrations modes are dened as a combination of a specic
shape of deformation associated with a resonance frequency of a solid. Exciting the spe-
cic mode at its frequency results in the movement amplication described in the previous
section.
Figure 2.3: Simply-supported beam.
e longitudinalmodes of a beam are one classical example of vibrationmode calculation.
Using linear mechanics, it is possible to nd the vibration modes of a beam in the direction
of an applied force. Considering a simply-supported beam (gure 2.3) with a length l, Young
modulusEy, density ρ and section S. It can be shown that there exists an innity of resonant
frequencies given by:
u(x, t) = A sin(ωt) sin(βx) (2.23)
ω =
√
Ey
ρ
(
2nπ
l
)
(2.24)
β =
2nπ
l
(2.25)
u is the displacement amplitude as a function of time and position along the beam. β
corresponds to the wave number which is inversely proportional to the wavelength λ of
the vibration mode and ω is the natural frequency of the mode. A is the amplitude of the
displacement and cannot be determined by a simple modal analysis since it depends on the
excitation force. By analogy to the spring-mass-damper system, it can be noted that the
frequency increases linearly with respect to
√
Eyoung
ρ
which is similar to
√
k
m
in equation
(2.5). In general, the stier and lighter the structure is, the higher its resonance modes are.
Another typical characteristic that can be noted is the eect of the length l. e larger the
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structure is, the lower its mode frequencies are. is criterion is not always veried. For
example, when considering bending vibrations of a beam, an increase in the height of the
beam increases its stiness and mode frequencies. e parameter n is called the mode order,
it corresponds to the nth solution of the dierential equation. e larger n is, the higher
the mode frequency is. n has a role in the mode shape, as it increases, the wave-number
β increases and the wavelength decreases. is means that when n increases, there are
more nodes (point with zero displacement) on the vibrating beam. Dierent vibration modes
(bending, torsional…) can be analytically computed. But analytical models are limited when
the geometry is complex and a nite element model becomes more appropriate for the modal
analysis of the structure.
2.2.3 Finite-element method
e nite element method consists in a discretization of a geometry in order to numerically
approach solutions of partial dierential equations that are impossible to solve analytically.
A given geometry is divided into a nite number of points at which specic properties are
dened. Between these points, interpolation functions (in general polynomial) are consid-
ered and used to evaluate the physical interaction between the elements. e method results
in a set of several vectors and matrices dening the physical values at each node and the in-
teractions between neighboring nodes. Although not exact, the method has the advantage
to be able to model almost any geometry with the inclusion of dierent materials and phys-
ical problems. In particular, it is appropriate to obtain eigenfrequencies (mode frequencies)
and modal shapes of structures made of piezoelectric materials which are both orthotropic
and coupled physics materials (for more detail on piezoelectric material properties refer to
appendix A).
Modal analysis
In mechanical analyzes and more specically in dynamics, two majors matrices are dened:
• e mass matrix [M ] is analogous to the density ρ, it models the mass of the material
at the considered nite element.
• e stiness matrix [K] is analogous to the Young’s modulus Ey. It can be dened in
three dimensions and used to compute 3D vibration modes.
An eigenvalue problem allows to solve for the vibrationmodes of the structure and is dened
as:
(
[K]− ω2[M ])X = 0 (2.26)
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is expression is similar to equation (2.2). X is a set of eigenvectors that represents
mode shapes. Soware such as COMSOL, ANSYS or ABAQUS are used to divide the geom-
etry into elements (meshing), assemble the stiness and mass matrices and solve the linear
system for ω (eigenvalues) and X (eigenvectors). It is usually possible to visualize dierent
physical values through a post-processing unit and, in particular, the mode shapes. Solving
the eigenvalue problem does not give information about the amplitude of the displacement.
e eigenvectors are representations of the distribution of a physical value subjected to an
excitation at a mode frequency. ey can be used for relative amplitude comparison at dif-
ferent points of the mode shape but modal analysis does not allow to compare amplitudes of
dierent mode shapes since the actual displacements depend on the location and magnitude
of the excitation.
Damping modeling
In nite element analysis, damping is introduced using a dampingmatrix, so that the problem
becomes:
(
[K] + jω[C]− ω2[M ])X = 0 (2.27)
ere are several means to dene theC modal dampingmatrix. ematrix can be dened
using damping data obtained experimentally for each mode, [C] is then a diagonal matrix.
is technique is viable for a simple system with a low number of degree-of-freedom but
is not usable for systems consisting of several hundreds DOF. One common simpler way to
dene the damping matrix is to use a linear combination of the mass and stiness matrix:
[C] = α[M ] + β[K] (2.28)
is denition is called Rayleigh damping. It requires experimental data from at least
two modes to be dened. Modal proportional damping results in a speed dependent damp-
ing which leads to a quadratic equation of ω. e denition of [C] as a function of [M ] and
[K] allows for a simplication of the problem that groups damping and stiness matrices
together. Another model that is oen used is structural damping. It is a displacement de-
pendent damping consisting in modifying the stiness of the material in order to introduce
complex terms. In the case of an isotropic material, the Young’s modulus becomes:
Ey = E
′
y + jE
′′
y = E
′
y(1 + j tan(δm)) (2.29)
e complex modulus is a standard used in highly damped materials such as polymers.
δm is called the mechanical loss angle. is denition introduces a complex stiness matrix
but equation (2.26) stays a linear equation of ω. is last damping model is used in this work.
It has the advantage to be easily dened and is similar to the dielectric losses modeling that
42
2.2. VIBRATIONS THEORY
are dened by an electrical loss angle δe. Although this parameter is dened in the simula-
tion, as discussed earlier, a more convenient parameter to quantify damping in a resonant
mechanical structure is the quality factor Qm. It can easily be obtained from nite element
analysis using complex eigenfrequencies.
Complex eigenfrequencies
e resulting eigenvalues of the damped equation are complex frequencies (Li and Liang
[66]):
ω˜ = ω0(1 + jξ) (2.30)
Where ξ represents the losses at the resonance. e strain at a point in the material can
then be expressed as:
~S = ~S0e
−ξω0tejω0t (2.31)
us, the energy in the resonant system decays as a function of time following the equa-
tion:
W = W0e
−2ξω0t (2.32)
e power loss, which is the derivative of the energy with respect to time is dened as:
PL = −dW
dt
= 2ξω0W (2.33)
e quality factor is dened as the ratio of stored to dissipated energy:
Qm = 2π
Energy stored
Energy dissipated per cycle
Qm = 2π
Energy stored
Power loss× 1/fr
Qm = ω0
W
2ξω0W
Qm =
1
2ξ
(2.34)
Combining equation (2.30) and (2.34), the quality factor in nite element analysis is ob-
tained from the complex resonance frequency:
Qm =
real(ω˜)
2×imag(ω˜) (2.35)
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2.3 Modal analysis
In this section, the proposed actuator concept is studied using nite element analysis. e
objective is to understand how the geometric parameters of the structure may aect the
ultrasonic motor properties. Since the actuator is based on the use of two vibration modes,
modal analysis is used to study the eect of the geometry on these modes and select the
proper modes for actuation.
2.3.1 Generic geometry
Figure 2.4: Generic geometry proposed for the design of the actuator. Ri is the inner
radius, adapted to the rotor. Ro the outer radius and θ the portion angle of the actuator.
A large number of geometric parameters can be considered in the design of the actuator.
In order to reduce the number of parameters that dene the geometry, a generic geometry
is proposed. It allows to consider a majority of cases. is geometry is based on a portion of
a ring whose inner and outer radii can be varied independently. ree geometric variables
dene the geometry: the inner radius Ri, the outer radius Ro and the portion angle θ (gure
2.4). e radius Ri corresponds to the contact area and is adapted to the radius of the rotor.
is arbitrary geometric restriction allows to study a large panel of dierent geometries with
dierent mode shapes while providing a limited number of parameters. e resonant struc-
ture is entirely made of a piezoelectric material in order to reduce the number of mechanical
parts required to build the spherical motor.
2.3.2 Finite element model
Once the geometry of the actuator is dened, modal analysis is necessary to nd suitable
modes for ultrasonic actuation. e structure proposed, although simple, does not have a
simple modal analytical solution. e shape, the orthotropic material that is used and cou-
pled physics result in a complex analytical modeling. For complicated cases, a nite element
model is well adapted to describe the vibratory behavior of the mechanical structure. e
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Table 2.1: PZ26 material properties. All units are SI. (Report to appendix A.4 for more
information on symbols definition)
Name PZ26 cE11 1.68E+11 e31 -2.80
Type Hard cE12 1.10E+11 e33 14.7
ρ 7.70E+03 cE13 9.99E+10 e15 9.86
εSr,1 8.28E+02 c
E
33 1.23E+11 Q
E
m,p 2.7E+03
εSr,3 7.00E+02 c
E
44 = c
E
55 3.01E+10 Q
E
m,t 3.3E+03
tan δe 0.003 c
E
66 2.88E+10 Tc > 330°C
model proposed is based on the piezoelectric device module from the commercial soware
COMSOL Multiphysics1. A parametric model is used for modal analysis and implemented
using the Java application programming interface (API).
In the model, mechanical boundary conditions are le free everywhere since the actua-
tor is intended to vibrate with minimal support points. e material used in simulations is
Ferroperm Pz26 PZT with a thickness of 0.5mm and poled in the out-of-plane direction of
the plate. Table 2.1 describes the properties of the ceramic. An explanation of the symbols
along with the reasons for this material selection are further described in appendix A.
Modal analyzes are performed in three dimensions, allowing the study of out-of-plane
modes and the control of the transverse electric eld which is useful for harmonic analyzes
presented in chapter 4. e electrodes are notmodeled since they are considered of negligible
thickness (10µm silver as compared to 500µmof ceramic). e electric eld is directly applied
to the ceramic. A zero E3 eld is applied to the piezoelectric element ensuring a constant
electric eld condition. e modal analysis computes two results:
• Mode frequencies that correspond to resonance frequencies. Complex modes frequen-
cies give an additional information about the damping of the mode vibration.
• Mode shapes that are the expected deformations, strain, stresses and more generally
any physical characteristic in the actuator subjected to an harmonic excitation at a
modal frequency. ese results are not absolute, and give only information about the
relative distribution (shape) of the considered characteristic.
2.3.3 Tracking modes through geometric variations
Finite element analysis soware does not classify modes as a function of their shapes but
as function of their frequencies. A method is required to automatically track the modes and
observe dierences between geometries. e method used here is called modal assurance
criterion (MAC). e MAC method compares the mode shapes to reference mode shapes
1hp://www.comsol.fr/
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φref that are selected manually. e MAC computes how close a mode is from the reference
mode using the following equation (Allemang [67]):
MAC =
∣∣φTc φ∗ref ∣∣2
(φTc φ
∗
c)
(
φTrefφ
∗
ref
)
φc is the computed mode and φref is the reference mode. MAC indicates a number be-
tween 0 and 1, the closer it is to 1, the more similar the mode is to the reference mode shape.
UsingMAC in order to track the modes in spite of the geometric variations supposes to select
and classify manually the modes of a reference geometry. en, when geometry is changed,
the computed modes can be compared to the reference modal shapes. e mode with the
highest MAC value is identied.
Figure 2.5: Set of points used for the application of the Modal Accordance Criterion
(MAC). It is assumed that the modal deformation does not have important variations
from one geometry to another if it is dened as a function of si =
θi
θ .
Practically, the method is based on a discrete set of points that are representative of the
studied modes. e set of points that is used for MAC computation is essential for accurate
mode discrimination (and recognition). It should not be aected by a change in Ri, Ro or θ.
e proposed solution is to use a discrete set of points (θi,~u) of the deformation along the
edge of the actuator and at the neutral axis of the actuator Ri+RO
2
. Because the portion angle
θ is changing, the selected points are dened by relative coordinates si =
θi
θ
(gure 2.5) so
that:
MAC =
(
∑n
i=0 ~uc(si) · ~uref (si))2
(
∑n
i=0 ~uc(si) · ~uc(si)) · (
∑n
i=0 ~uref (si) · ~uref (si))
where ~uc(si) and ~uref (si) are the compared and reference displacement vectors at the
point of coordinate si. e set of points is validated using an evaluation criterion called
autoMAC. It consists in taking a set of referencemodes consistent with the future application
of the modal accordance criterion and apply the MAC test between every mode of this series.
e proposed set of points is evaluated using the nine modes presented in gure 2.6.
MAC results are represented as a matrix in gure 2.6a, abscissa axis lists the reference modes
indexes while compared modes indexes are on the ordinate axis. In the case of autoMAC,
46
2.3. MODAL ANALYSIS
Reference modes
Co
mp
are
d m
od
es
(a) AutoMAC matrix. is table represents the computation of MAC values
using the same set of modes for reference and comparedmodes. e diagonal
of the matrix is one and corresponds to a perfect match between the two
compared modes which are the same. Outside the diagonal, an important
MAC value implies high computed similarity between two dierent modes
that may aect the mode recognition process.
(b)Mode 1 (c)Mode 2 (d)Mode 3
(e)Mode 4 (f)Mode 5 (g)Mode 6
(h)Mode 7 (i)Mode 8 (j)Mode 9
Figure 2.6: AutoMAC for a set of nine representative modes of a typical actuator ge-
ometry. MAC computation is performed using 30 points selected as described in gure
2.5. AutoMAC allows to determine the ability of the method to discriminate modes one
from each other.
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the two sets are the same. It can be observed that on the diagonal, MAC values are one,
what correspond to a perfect match between the modes. It is an expected result since the
compared modes and reference modes are exactly the same on the diagonal. Outside the
diagonal, the matrix is symmetric because a switch between the compared and the reference
mode does not aect the MAC result. If the points are well chosen, MAC values outside
of the diagonal should be low since they correspond to the comparison of modes that are
not the same. A high MAC value outside the diagonal can result in the confusion of two
modes especially when geometry is changed. In the shown matrix, a majority of values are
almost zero. Only one of them has a value of 0.74 which is the equivalent of a 74% mode
similarity based on the MAC computation. ese modes, labeled 5 and 8, may be confused if
the change in geometry is too important between two simulations. Indeed, a high geometric
change between the reference and the computed simulations would cause the computed
modes shapes to be largely dierent from the reference mode shapes. Practically, the mode
recognition process begins to show diculties with autoMAC values above 0.9 outside the
diagonal.
In order to avoid mode recognition failures, the geometric changes that are considered
in the modal study are small (for example, a change in the parameter θ is not above 5°).
High geometric variations are observed using a continuity principle. e reference modes
are updated with the newly identied modes at each new geometry change, keeping the
geometry changes at a low level. e advantage of this principle is illustrated in gure 2.7.
MAC value is represented as a function of portion angle θ. Without continuity, the reference
mode is always the same (i.e. the one identied manually at a 25° portion angle). Up to a
40° portion angle, MAC values are near one and the computed mode is very similar to the
reference mode. Past this point, MAC starts to decrease what may cause failure of mode
recognition. With mode continuity, the reference mode is updated at each step with the
newly identied mode. erefore, changes in mode shapes are kept at a reasonable level
with MAC values that are not below 0.99.
2.3.4 Modes selection
Two dierent modes have to be chosen for a proper multi-mode ultrasonic actuation. Two
major families of modes can be considered for a plate-like geometry:
• Out-of-plane modes are used in traveling wave ultrasonic motors. ey cause a dis-
placement perpendicular to the electrodes. e mode shape shown in gure 2.6c is a
typical out-of-plane mode.
• In-plane modes (or contour modes) result in a displacement along the lateral edges of
the actuator. Since the actuator is generally longer and larger than thick, these modes
48
2.3. MODAL ANALYSIS
25 30 35 40 45 50 55 60
0.84
0.86
0.88
0.9
0.92
0.94
0.96
0.98
1
Portion angle θ
M
od
al
 a
ss
ur
an
ce
 c
rit
er
io
n
 
 
MAC without continuity
MAC with continuity
Figure 2.7: MAC of a specic mode as a function of the variation of the portion angle
θ with or without continuity. e use of a continuity principle allows to observe large
geometric variations without failure of the mode recognition procedure.
generate a larger total displacement at the contact area. Figure 2.6b shows an in-plane
mode of a typical actuator geometry.
Given the proposed geometry, in-plane modes are more suitable. Considering an actuator
geometry with an inner radius of 15 mm and an outer radius of 25 mm, it is possible to com-
pute which modes are the most interesting for the design of an ultrasonic actuator. To avoid
complex excitation and high resonance frequencies, high order modes are not considered.
Indeed, as mode order gets high, resonance frequency increases and the mode excitation
becomes complex because of a large number of individual areas with dierent type of strain
(compressive and extensive) that implies the need for a high number of electrodes. In this
work, only the rst four in-plane modes of the structure are studied.
A classication similar to the one used for rectangular plates (Krushynska et al. [68]) is
proposed to identify the in-plane modes of the structure. For rectangular plates, the modes
are classied with respect to the two axis of symmetry of the rectangle. In our case, the
geometry has only one axis of symmetry. A second axis is dened for classication. It
is the neutral axis of the ring and corresponds to an arc of a circle of radius RO+Ri
2
. It is
not possible to consider the displacement as strictly symmetric with respect to this axis
since it is not a symmetry axis. Instead of this, the modes are classied as a function of
the type of strain (compressive or extensive) on each side of the axis. If the strain type
is the same, a “symmetric” strain type condition is considered and noted S, otherwise, an
“antisymmetric” strain type condition noted A is considered. A number n is used to dene
mode order. For example, the mode shown in gure 2.8a is the rst symmetric mode about
axis 1 (the symmetry axis of the actuator) and anti-symmetric about axis 2 (the neutral curved
axis proposed), it is noted SA1.
e four rst order in-plane modes are shown in gure 2.8:
49
CHAPTER 2. MODAL ANALYSIS: DESIGN OF THE RESONANT MECHANICAL
STRUCTURE
(a) SA1 (b) SS1
(c) AA1 (d) AS1
Figure 2.8: First order in-plane modes found for a typical actuator geometry. ey are
classied as a function of their strain type symmetry properties with respect to the axis 1
and 2. SA1 for example is the rst symmetric mode about axis 1 and antisymmetric about
axis 2. Colors represent the S3 (out-of-plane) strain of the considered modes. Blue areas
correspond to negative out-of-plane strain and red areas to positive strain. A simplied
schematic is proposed for beer understanding of the symmetry properties.
• e rst symmetric-antisymmetric mode SA1 is similar to a rst bending mode along
the symmetry axis of the actuator (gure 2.8a).
• e rst symmetric-symmetric mode SS1 is a dilatation type mode, similar to a longi-
tudinal mode of a beam (gure 2.8b).
• e rst antisymmetric-antisymmetric mode AA1 is similar to a diagonal mode of a
plate or a second bending mode of a beam (gure 2.8c).
• e rst antisymmetric-symmetric mode AS1 is similar to a bending mode along the
curved neutral axis of the actuator (gure 2.8d).
Several criteria are proposed to evaluate which mode combination is the most adapted to the
development of an ultrasonic actuator:
• Mode symmetry: the symmetry of themovements at the contact surface of the actuator
is an important criterion. A combination of two modes with the same symmetry at the
contact interface causes non-constructive interferences.
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• Mode frequency: the two modes considered for actuation should have the same reso-
nance frequency for simultaneous resonant excitation.
• Mode displacement orthogonality: e two modes generate two independent motions
at the interface with the rotor. e directions of their trajectories should be close to
90° to eciently drive the rotor.
2.3.5 Mode symmetry
e objective for the proposed actuator is to use the largest contact surface of the actuator
as possible. erefore, elliptical motions that occur at the interface of the actuator should
generate constructive motions and a tangential friction force in the same direction. is
condition implies that the two modes that are used should not have the same type of sym-
metry about axis 1 (gure 2.9a) in their displacement at the contact edge of the actuator.
As indicated in gure 2.9, when two modes with the same symmetry are excited with a π
2
temporal phase shi, the direction of elliptic paths is opposed on either side of the actuator.
erefore, the two movements cancel each other. On the other hand, the use of two modes
with a dierent type of symmetry shows elliptic paths that are in the same direction and
are constructive. Considering the modes proposed earlier, SA1 and SS1 are symmetric modes
while AS1 and AA1 are antisymmetric modes in their movement along the contact edge of
the actuator. e four possible combinations are therefore: SA1+AA1, SA1+AS1, SS1+AS1,
SS1+AA1.
(a) Symmetry axis of the contact surface for a
typical actuator geometry.
(b) Two antisymmetric
modes combination.
(c) Two symmetric modes
combination.
(d) Antisymmetric
and symmetric modes
combination.
Figure 2.9: Dierences in elliptic paths as a function of modes combination symmetry.
e combination of modes with the same type of symmetry results in the creation of
elliptical shapes with opposite driving direction.
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2.3.6 Mode degeneration
In order to achieve the desired movement at the interface with the rotor and use the ampli-
cation eect of resonance, the resonance frequencies of the two modes should be the same.
e four in-plane modes are tracked through changes in portion angle θ using modal accor-
dance criteria. e objective is to observe if the modes can be found at the same frequencies.
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Figure 2.10: Evolution of the frequency of the modes as a function of the portion angle
θ. Intersections show that some modes can be found at the same resonant frequency.
Figure 2.10 shows the evolution ofmode frequencies of the four rst order in-planemodes
for an actuator of 15mm inner radius and 25mmouter radius. Four intersections are observed
and indicate that for some angles θ it is possible to nd modes at the same frequency. e
rst intersection is visible at θ = 26.3° for which SA1 and AS1 frequencies are the same. e
second intersection is visible at θ = 28.3° where SA1 and AA1 intersect. e third one is at
29.7° for SS1 and AS1modes and the last one at 40.5° for SS1 and AA1. At high portion angle
the four modes are far apart and do not intersect. All these intersections correspond to mode
combinations that do not have the same movement symmetry at the contact interface and
are therefore compatible with the rst criterion. From these observations any of the four
proposed mode combinations can be used at the same frequency with a resonance eect.
2.3.7 Angle between movements at contact surface
e mode combination used for ultrasonic actuation generates elliptical motions at the in-
terface between the rotor and the stator. Depending on the amplitude of the two modes and
the direction of the generated motions, the elliptical motions can have various shapes. As
it will be further studied in chapter 3 on page 67, the normal amplitude and tangential am-
plitude of these elliptical movements have both an important role in the performance of the
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actuator. Normal amplitude inuences contact time, maximum preloading force and maxi-
mum transmissible torque while tangential amplitude aects maximum speed of the motor.
ese two amplitudes should be maximized, and the elliptical movements should be as large
as possible and eventually close to a circle.
Apart from mode amplitude, that cannot be studied using modal analysis, one parameter
that have to be considered in elliptical movement size, is the angle between the mode tra-
jectories at the interface. A 0° angle between the two modes trajectories result in collinear
movements of both modes and therefore absence of elliptical movements. A 90° angle leads
to circular shape when modes have the same amplitude, which is the best case for ultrasonic
actuation. Mode movement orthogonality leads to a beer control over the elliptical move-
ments and therefore allows for a beer tunability of the dynamic properties of the actuator
and good controllability at low speed (Takano et al. [31]).
Although the mode amplitudes should not be considered using modal shape data be-
cause actual mode amplitudes depend on mode excitation, the angle between the two mode
movements can be analyzed. Figure 2.11 presents the trajectories at the motor interface for
various mode combinations. A representation of the expected movements is proposed along
with the angle between the twomode trajectories as a function of the position on the contact
surface. Each mode combination is studied at its degeneration portion angle computed in
the previous section.
Figures 2.11a and 2.11b present the trajectories obtained using a combination of SS1 and
AA1modes. No collinear movement is observed along the contact area and the average angle
between modes trajectories is 82°. At the center point of the actuator the two mode motions
are orthogonal and the angle stays high for the central portion (|β| < 6°) before falling
down to 68° at the edges of the contact area. Figures 2.11c and 2.11d present the trajectories
obtained using a combination of SS1 and AS1 modes. e same observation as the previous
mode combination can be made with a 90° angle at the central point. However, the angle
falls to below 55° as points far from the center (|β| > 7.5°) of the actuator are considered.
e average angle along the contact surface is about 62°. No collinear movement is observed
along the contact area but a clear “aening” of the ellipses is observed on the edges of the
contact surface.
Figures 2.11e and 2.11f present the trajectories obtained using a combination of SA1 and
AA1 modes. Again, orthogonal movements are observed at the middle point of the con-
tact surface and an angle diminution similar to SS1 and AS1 combination is observed. e
angle drops below 10° for some positions along the contact area and some trajectories on
gure 2.11e are quasi-collinear. An average angle of 31° is observed. Figures 2.11g and 2.11h
present the trajectories obtained using a combination of SA1 and AS1 modes. Again, the two
movements have a 90° angle at the center point. As the considered position gets far from the
center of the actuator, the angle drops to 76° and goes up to 90°. An average angle of 81.5° is
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(a) Elliptical trajectories at the contact sur-
face for AA1 mode (dark) and SS1 mode (light)
combination.
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(b)Angleα as a function of po-
sition β for SS1 and AA1 mode
combination. (θ = 40.5°)
(c) Elliptical trajectories at the contact surface
for AS1 mode (dark) and SS1 mode (light) com-
bination.
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(d)Angleα as a function of po-
sition β for AS1 and SS1 mode
combination. (θ = 30°)
(e) Elliptical trajectories at the contact sur-
face for AA1 mode (dark) and SA1 mode (light)
mode combination.
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(f)Angle α as a function of po-
sition β for AA1 and SA1 mode
combination. (θ = 28°)
(g) Elliptical trajectories at the contact surface for
AS1 mode (dark) and SA1 mode (light) combina-
tion.
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(h)Angleα as a function of po-
sition β for AS1 and SA1 mode
combination. (θ = 25°)
Figure 2.11: Trajectories of the points along the contact area for dierent mode combi-
nations. ey are presented at the portion angle θ where the two modes are at the same
frequency. Angle α is the angle between modes trajectories and β is the position angle
along the actuator contact surface. Amplitudes are normalized amplitudes from nite
element modal analysis and should not be compared.
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observed along the contact surface, which is close to the rst considered combination at 82°.
SS1+AA1 and SA1+AS1 combinations oer the best average angle between the trajecto-
ries along the contact area. Although SS1+AA1 have a slightly beer angle, the dierence is
not considered as signicant and the two modes combinations can be used. SA1+AA1 and
SS1+AS1 combinations are suitable for single point of contact transducers with orthogonal
movements at the middle point of the actuator. e important drop of the angle on the whole
contact area limits their utilization with an extended contact surface.
Dierent parameters have been considered for mode selection and the two combinations
SS1+AA1 and SA1+AS1 are promising for actuator design. Nevertheless, geometrical varia-
tions might aect the results discussed in this section and it is proposed to analyze the four
modes combinations properties as a function of geometric variations.
2.3.8 Geometric variations
Modal analysis is used to evaluate the inuence of other geometrical parameters on the
properties of the actuator. In this section, it is proposed to observe the changes in actuator
properties as a function of variations of outer and inner radiusRo andRi. Because changes in
geometry aectmode frequencies, the portion angle θwhere the twomodes are degenerating
is recomputed aer each geometric variation. An automatic search algorithm for θ, based
on MAC mode recognition, is implemented in COMSOL Java API. e algorithm can be
described in four steps:
1. First two initial analyzes are conducted for two dierent angles θ1 and θ2. Two dif-
ferent values for∆f , the frequency dierence between the two considered modes are
obtained.
2. From these values it is possible to compute a new value for θ assuming a linear depen-
dance between ∆f and θ: θ3 =
∆f1θ1−∆f2θ2
∆f2−∆f1 .
3. A new value ∆f3 is obtained from θ3.
4. If∆f3 is not below a dened tolerance (in our case 10 Hz), a new θ4 is estimated using
∆f2 and ∆f3. Otherwise, the portion angle is found and the iteration loop stops.
ree properties are compared through geometric variation:
• Average angle between mode displacements: As explained in section 2.3.7, the angle
between themodesmovements is an important parameter since it is directly associated
to the size of the elliptical movements that can be generated.
• Portion angle θ: Since the angle θ for mode degeneration is recomputed aer each
geometric change, it is possible to analyze how it evolves with respect to Ro and Ri.
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• Mode frequencies are inuenced by the geometry. As discussed in section 2.2.2, for
longitudinal modes of a beam, mode frequencies increase as the size of the system is
reduced. It can be expected to observe the same evolution with the size of the actuator.
Angle between movements
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Figure 2.12: Average angle betweenmodemovements as a function ofRo/Ri. AS1+SA1
and AA1+SS1 combinations oer the largest average angles between mode movements
at contact interface.
e angle between the two movements generated at the interface is important in order
to obtain good elliptical motions and controllability of the motor. Because a large contact
surface is used for actuation, the average angle along the contact area is studied. Deformation
directions are not aected by an homothetic transformation of the actuator and it is therefore
possible to study this angle with respect to the dimensionless parameter Ro
Ri
.
Figure 2.12 shows the evolution of the average angle between the two mode movements
with respect to the outer to inner radius ratio of the actuator. e four potential modes
combinations are represented. e association of SA1 and AA1 oers the lowest average
angle at the contact area with values between 40° and 55°. In the precedent section it is
evaluated as the worse combination with an average angle of 31° (with Ro
Ri
= 1.67). While
this observation is correct for a ratio below 1.9, above this value, SA1+AA1 becomes more
interesting than the association of AS1 and SA1. is indicates that no geometric parameter
should be neglected in the mode selection process.
AS1+SA1 combination has an average angle that varies greatly with respect to Ro/Ri.
Between 1.5 and 1.65, it is the most interesting mode combination, with an average angle
close to 90°. AsRo/Ri increases, it becomes less interesting with an average angle that drops
below 40°. At Ro
Ri
= 1.6, this combination is particularly interesting as compared to the others
with an average angle of 83° between movements generated at the contact surface.
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AA1+SS1 and SA1+AA1, observe steady variations of the average angle over the range of
parameters studied. SA1+AA1 does not present high average angle between the movements
at the contact interface, with values between 55° and 65°. AA1+SS1 is the most interesting
combination. For a large range of Ro/Ri values, angles between 72 and 86° are observed
with a peak value around Ro
Ri
= 1.9.
Evolution of angle θ
eportion angle θ required to obtain mode degeneration changes as a function of the geom-
etry. Finite element method shows that the angle is not aected by an homothetic transfor-
mation (i.e. a decrease of both the outer radius and inner radius by the same factor results in
the same angle θ for mode degeneration). erefore, it is possible to express θ as a function
of the ratio of the outer radius to the inner radius. e results for a 1.3 to 2.1 Ro/Ri range
are presented in gure 2.13. θ increases as Ro/Ri is increased. is evolution is polynomial,
with an angle varying from 25° to 50° for the AA1+SS1 combination. e other modes com-
binations show angles θ that are smaller with a similar polynomial evolution. SS1 and AS1
degeneration is obtained at portion angles between 17° and 38°. At a 1.3 Ro/Ri ratio, two
combinations can be used for the same geometry since a 17° actuator will have both SS1+AS1
and SA1+AA1 combinations. AS1+SA1 has the lowest θ angle for any givenRo/Ri ratio with
portion angles varying from 16° to 32°.
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(a) Portion angle θ as a function of the ratioRo/Ri for the dierent
modes combinations.
(b) Inuence of ac-
tuator portion angle
on eld of view.
Figure 2.13: Study of portion angle θ evolution as a function of geometry. AsRo/Ri in-
creases, the portion angle θ for mode degeneration increases. Depending on the required
workspace for the actuator, portion angle may be an important parameter.
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As explained in gure 2.13b, portion angle θ is a geometric parameter that has an inu-
ence on the workspace of the spherical motor when it is used as servomotor. Considering
the case of an orientation platform for a camera, an actuator with a large portion angle may
interfere with the line-of-sight of the camera, causing a diminution of the maximum eld
of view. On the other side, a high portion angle θ implies a larger contact area and beer
guidance of the rotor. e total size of the actuator is also increased, what results in a larger
displacement at the contact area and beer properties of the actuator. erefore, it can be
interesting to use an actuator with a large portion angle for the realization of omnidirec-
tional wheels that use a single point of contact of a complete sphere as a driving system in
a miniature robot for example.
Mode frequency
Mode frequency is directly related to the total size of the actuator and nite element analysis
shows that a variation in the inner radius or the outer radius results in the same relation be-
tween actuator area and mode frequencies. Figure 2.14 shows the evolution of the frequency
as a function of the actuator area for each considered combination. A global diminution
of resonance frequency is observed as area increases. is result is similar to longitudinal
modes of a beam which have a mode frequency proportional to 1/l where l is the length of
the beam. e relation found for the considered actuator is a variation of the frequency as
a function of 1/
√
A, where A is the in-plane area of the actuator. Assuming a characteristic
length lc =
√
A can be dened, it is similar to the relation observed between longitudinal
modes and the length of a beam.
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Figure 2.14: Evolution of the mode frequency as a function of the actuator area. Mode
frequencies are proportional to the inverse of the square root of the actuator area.
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For a given actuator area, the mode combinations have dierent mode frequencies. e
use of the SS1+AS1 combination results in the highest resonant frequencies. Considering
for example the case of a 150 mm2 actuator, SA1+AA1 resonance frequency is at 99kHz,
AA1+SS1 frequency is 2.7 % higher, AS1+SA1 3.13 % higher and SS1+AS1 is 10.2% higher.
Resonance frequency can be an important parameter to select driving electronics that are
used. In general, the larger the frequency is, the more dicult it is to nd suitable electronics
especially when high voltage is required.
2.3.9 Geometry selection
e various parameters that are exposed here can be tuned as a function of the actuator
requirements. A large actuator can be designed for good rotor guidance with high amplitude
and low driving frequency, while a small actuator can be proposed for integration in compact
designs. In section 1.9, the target application of this thesis has been described. e objective
is to obtain a spherical motor of 30mm in diameter capable of a minimum amplitude of 40°
over 2 axes with a large contact area so that stresses at the interface are reduced and guidance
of the rotor is ensured.
Based on these requirements, a design based on a piezoelement of 15mm inner radius and
25 mm outer radius is proposed. Using a combination of SS1 and AA1 modes, the resulting
actuator has a portion angle of 40.5°, which is below 45° and allows to propose a spherical
pointing device with a 90° workspace. e obtained area of contact is large and the eect
of contact length on actuator properties can be studied. Moreover, the actuator is easily
manufactured since 50 mm diameter PZT disks are found as standard industrial parts.
e choice of SS1 and AA1 combination is based on several observations. e average
angle between the movements at the contact surface of the actuator is close to 90°, the mode
frequency of the actuator is around 100 kHz which is compatible with most ampliers and
digital acquisition card for characterization, and the twomodes are similar to commonly used
modes in plate-type longitudinal-bending linear actuators (Takano et al. [28], Shi and Zhao
[69]). Because of this similarity, it is chosen to refer to the SS1 mode as the rst longitudinal
mode L1 and the AA1 mode as the second bending mode B2 in the remaining of this work.
e obtained actuator can therefore be referred as a curved longitudinal-bending actuator.
2.4 Modal sensitivity
Since the working principle of the actuator is based on the combination of two modes of vi-
bration, it is important to ensure that they are at the same frequency. Finite element analysis
allows for the study of the sensitivity of the structure to manufacturing tolerances. In this
section three types of disturbances are considered:
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• Manufacturing tolerances. It is interesting to anticipate what consequences a geomet-
ric uncertainty has on mode degeneracy and what precision is required for proper
actuator fabrication.
• Soldering points are added masses to the actuator that may cause a shi in the mode
frequencies.
• Contact layer is also an added mass to the actuator that may shi resonance frequen-
cies in an undesirable way. Predicting how modes are aected allows for anticipation
and correction using for example a modied geometry.
2.4.1 Geometric tolerances
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Figure 2.15: Geometric tolerances eect on mode degeneracy. Imprecision in the man-
ufacturing process may aect mode frequencies.
Figure 2.15 shows the eect of small relative variations of the actuator geometric param-
eters on mode degeneracy. A slight increase in the inner radius of the actuator causes the
longitudinal mode to drop below the bending mode. e eect is important with a frequency
shi of 1.2kHz between the modes for an increase of 0.67% (0.1mm) of the inner radius. A re-
duction ofRi has a less pronounced eect with a bending mode 1kHz below the longitudinal
mode for a -0.67% variation. e tolerance on Ro has the inverse eect with a longitudinal
mode above the bending mode when the outer radius is increased. e sensitivity is less
important, with a 440Hz shi for a -0.4% variation (0.1mm). e variation is not symmetric
and an increase of 0.4% in Ro causes a frequency shi of 395Hz. Portion angle change has a
symmetric and linear eect for variations of ±5%. A relative increase of 1% (0.4°) leads to a
bending mode 460Hz above the longitudinal mode.
A piezoelectric material manufacturer such as Ferroperm, provides tolerances down to
10µm. e maximum frequency shi from this uncertainty is 100Hz which is an acceptable
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tolerance on mode degeneracy at it is shown in chapter 3. A laser cuing method, for exam-
ple, is very precise but divergence of the laser cause tolerances that can be around 0.1mm.
is error is repeatable and can be taken into account into the design process.
2.4.2 Soldering points
Various ways have been used in order to supply electric power to piezoelectric elements.
Springs are used in Shen and Huang [6], conductive glue in Rogers [2] and soldering in
most applications. Soldering ensures both strong mechanical and electrical connections and
is widely used in electronics. With actuators at a macroscopic scale, soldering points are
usually negligible as compared to the mass of the actuator. As size reduces their mass begin
to maer. As an illustration, an actuator of 25mm in outer radius and 15mm in inner radius
with a portion angle θ = 40.5° made of Ferroperm Pz26 material, weights 544 mg. Because
there is a need for multiple electrodes in order to excite each mode, a total of 10 soldering
points is needed on the actuator. Considering soldering points as half spheres of 0.5mm in
diameter, the total added mass is 21.8mg (4% of the total weight).
Frequency shi due to solder mass
We propose to study the eect of soldering points using nite element modal analysis. A
solder point is modeled as a perfect half sphere of eutectic Tin/Lead alloy with properties
listed in gure 2.16b. Figure 2.16a shows how soldering points are modeled. ey are posi-
tioned at the expected location of excitation electrodes. eir radius is changed to observe
the eect of mass on mode frequency shi.
(a) Solder positions.
Density 8340 kg.m−3
Young’s modulus 31.5GPa
Poisson’s ratio 0.36
(b) Eutectic Tin/Lead Alloy
(67% Tin) Material properties.
From eFunda online database:
hp://www.efunda.com/
materials/solders/tin lead.cfm.
Figure 2.16: Soldering points are modeled as half spheres of Tin/Lead alloy.
Although the simulation does not take into account themass due to connectionwires and
other external interactions, it allows to estimate how themodes are aected and whether it is
possible to develop a strategy to keep both modes at the same frequency. Figure 2.17 shows
the result of nite element analysis for solder points of dierent masses. e direct eect
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of an added mass is a drop in mode frequencies while the linear evolution of the frequency
with respect to the portion angle keep the same slope. e frequency diminution is not the
same for each vibration mode and this causes the two modes to be shied apart. Both modes
can still be found at the same frequency if the portion angle is increased. In gure 2.17b, it is
observed that the larger the mass is, the larger the shi in θ is. is evolution is linear with
a 0.02° shi per milligram of added mass.
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Figure 2.17: Eect of soldering deposit on modal frequencies and degeneration portion
angle. e soldering points cause an added mass to the actuator that shi down the
resonance frequencies. e bending mode drops more quickly than the longitudinal
mode, causing a shi in the degeneration portion angle which is larger than expected.
Inuence of solder points location
Figure 2.18: Solder points modeling for location inuence study. Four points are placed
and moved symmetrically on the actuator surface to avoid asymmetries and changes in
modes shapes.
e location of soldering points has an important eect on the frequency shi due to
added mass. A solder point placed in areas of large displacement cause a larger change in
mode frequency. In the nite element model, four solder points of radius 0.3 mm (total mass:
1.88 mg) are modeled as shown in gure 2.18. Two soldering points are disposed on each
face of the actuator with respect to the symmetry axis of the structure. is disposition
avoid asymmetries and deformation of the mode shapes. ese soldering points are moved
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(a) L1 frequency drop as a function of sol-
der point position. Modal displacement is
shown for comparison.
(b) B2 frequency drop as a function of
solder point position. Modal displace-
ment is shown for comparison.
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(c) Dierence between L1 mode fre-
quency and B2 mode frequency as a
function of solder point location (a pos-
itive value correspond to a L1 frequency
below B2 frequency, a negative value to
a B2 frequency below L1 frequency).
(d) Simplied map of the dierence be-
tween L1 mode frequency and B2 mode
frequency. Black areas correspond to lo-
cations where solder points cause bend-
ing mode frequency to be below longitu-
dinal mode frequency.
Figure 2.19: Modal frequencies changes as a function of the position of four hemispheric
solder points of 0.3 mm in radius disposed symmetrically onto the actuator.
symmetrically around the actuator and the frequency shi is observed. e mass of solder
is kept constant while position is varied.
Figure 2.19a and 2.19b show the resonance frequency change as a function of solder-
ing points location. e modal shape displacements are shown for comparison. It can be
observed that the frequency drop is larger when the solder points are placed at a location
where modal displacement is large. In the case of the longitudinal mode, a maximum drop
of 440 Hz is observed for a total mass of 1.88mg placed at maximum displacement location.
For B2 mode, this maximum drop is reduced to 380 Hz.
It is possible to observe the frequency dierence between the two modes as a function of
solder point location. In gure 2.19c, positives values correspond to locations where a solder
point causes the longitudinal mode frequency to drop below the bending mode frequency
while negative values correspond to a longitudinal mode frequency above the bending mode
frequency. Depending on solder point position it is possible to have either mode below
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the other. e simplied map 2.19d emphasizes this characteristics with black areas that
correspond to a location that causes L1 frequency to be aboveB2 frequency and white areas
where it is below. is phenomenon shows that there is a need for precise control of soldering
location and mass in order to keep the two modes at the same frequency. On the other hand,
this eect can be used as a way to tune the actuator modes experimentally. An iterative
process based on admiance characterization for mode frequency measurement can be set-
up. If a frequency dierence betweenmodes is observed, soldering points locations ormasses
can be adjusted until modes are tuned together.
2.4.3 Inuence of contact layer
(a) Epoxy layer modeling.
Density
Young’s
modulus
Poisson’s
ratio
1100 kg.m−3 10GPa 0.4
(b) Epoxy properties used. From Matweb
online database hp://www.matweb.com/.
Figure 2.20: Modeled contact layer in nite element analysis. An epoxy contact layer
is modeled in COMSOL, its radius is the same as Ri (15mm).
e deposition of a contact layer causes also added mass to the actuator. e material
chosen for contact is epoxy resin. It is a commonly used matrix material for composite
contact materials [70, 71] and is easily deposited onto the actuator. e shape and properties
of the simulated contact layer are presented in gures 2.20a and 2.20b. It is interesting to
observe whether the contact layer will have an inuence on mode degeneracy. Simulation
shows that the second bending mode is more aected by the contact layer with a shi of
approximately -440 Hz for a 1 mm layer thickness against 170 Hz/mm for the longitudinal
mode (gure 2.21a). e same eect is observed on mode damping, with a more pronounced
drop in bending mode quality factor than longitudinal mode (gure 2.21b).
e inuence of the contact layer can be anticipated or compensated using a smart place-
ment of the soldering points or a slight increase in the portion angle of the actuator since it
will allow to increase bending mode frequency.
2.4.4 Experimental result of vibration modes tuning
e tuning method based on soldering point location has been performed on an actuator
with an inner radius of 15mm, an outer radius of 25mm (RO/Ri = 5/3) and a portion angle
θ = 41.4°, slightly above the angle for mode degeneration. Figure 2.22 shows the evolution
of mode frequency through a tuning process. e initial admiance measurement of the
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Figure 2.21: Inuence of contact layer on mode frequencies and mechanical quality
factor.
actuator in its holdingmechanism shows a bendingmode 2 kHz above the longitudinal mode
at 1N preloading. Solder mass is added according to the map shown in gure 2.19c. Rather
than moving the solder points, solder is added to the existing soldering points. Results show
that the modes can be tuned together with only 309 Hz remaining. Bending mode drops
from 107750 Hz to 104676 Hz in frequency whereas longitudinal mode drops from 105732
Hz to 104367 Hz indicating that added masses at high bending displacement lead to mode
tuning of an actuator with a bending mode above the longitudinal mode.
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Figure 2.22: Mode frequency tuning using soldering points on the actuator. A smart
positioning of the soldering points allows to improve mode degeneracy.
As it will be further discussed in section 3.8, this process improves the mechanical output
power of the motor. For a quality factor of 50, contact analysis shows that a 2 kHz dierence
between mode frequencies results in an output power which is 25 % of the maximum power
expected when modes are degenerating. If the modes are tuned to a 309 Hz dierence, this
percentage is above 95% of the maximum power output. is result shows the importance
of mode tuning for proper actuator operation and eciency.
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2.5 Conclusion
In this chapter, an introduction to vibrations theory is proposed. It includes the presentation
of vibrations modes and resonance, useful for the realization of ultrasonic motors. A specic
geometry for the actuator is dened with three parameters: the outer radius Ro, the inner
radius Ri and the portion angle θ. e possible modes for ultrasonic actuation are identied
and studied usingmodal nite element analysis. Severalmode combinations can be used. e
optimal mode combination is selected based on several criteria: the angle between motions
at the contact interface, mode frequencies, portion angle θ and size of the actuator. A nal
set of geometric parameters (Ro = 25mm,Ri = 15mm, θ = 40.5°) is proposed. e obtained
actuator uses a combination of a longitudinal mode and a bending mode at 105 kHz.
Modal analysis is used to study the inuence of geometric tolerances and added masses
such as solder points and contact layer on the actuator. e results show that these param-
eters aect mode degeneracy. A smart positioning of the solder points allows tuning the
modes. is tuning process is essential for optimal actuator performance as it is discussed
in the next chapter.
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3.1 Introduction
is chapter proposes to model the output mechanical characteristics of an ultrasonic motor.
It focuses on the description of the conversion of mechanical vibration to rotor rotation.
is chapter applies a transfer model which is derived from the work of Guo et al. [72] and
adapted to our design methodology. e major dierence with Guo et al. is the numerical
implementation which allows to study any geometry with various contact conditions. e
chapter is organized into several sections:
• First an introduction to ultrasonic motors tribology is proposed. e contact model is
introduced along with typical contact materials that are used in literature.
• In the following sections, the model is applied to the actuator concept studied in the
previous chapter. Several parameters are studied:
– Mode displacement amplitude
– Preloading force
– Contact layer stiness
– Contact layer length
– Modes non-degeneracy
ese studies allow to beer understand how each parameters may aect the motor proper-
ties and how the contact may be tune to the required mechanical properties.
3.2 Tribology of ultrasonic motors
In this section, we want to address specically the contact mechanics that allow the stator to
transmit its energy to the rotor. A contact model based on friction forces is proposed along
with examples of contact materials used in literature.
3.2.1 Friction model
Friction is described in its simplest form by Coulomb friction model:
Ft = µPsign(∆v) (3.1)
Where Ft is the tangential force, P the normal force, µ the friction coecient and ∆v
the relative velocity dierence between the two considered surfaces. e tangential friction
force is proportional to both the friction coecient and the normal force. In general, two
dierent coecients are considered, the static friction coecient µs describing the friction
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properties when the stator and rotor are not moving relatively to each other and the dynamic
coecient µd, slightly lower which models the friction behavior when the stator and rotor
are moving relatively to each other. A more general model for friction includes viscous
eects so that the friction force equation becomes:
Ft = µPsign(∆v) + k1 ×∆v (3.2)
(a) Viscous coulomb law. At
zero relative speed, a discon-
tinuity occurs.
−1 −0.5 0 0.5 1
−0.2
−0.1
0
0.1
0.2
∆ 
v
µ
(b) Continuous function proposed by Makkar
et al. [73].
Figure 3.1: Two dierent friction models that can be used to compute friction forces.
In gure 3.1a, the resulting expression for the friction coecient presents a singularity at
0 which is dicult to use in numerical modeling. e∆v have very low chances to be exactly
0 and the singularity at∆v = 0 causes highly non-linear behavior that may cause problems
with the numerical solver. erefore, several dierent models are proposed in literature in
order to obtain fully dierential friction description. One of them has been proposed by
Makkar et al. [73] and gives good accordance with conventional friction models. It includes
Stribeck eect that models partial lubrication at low speed. Although it is not necessary in
our case, it oers a convenient way to take into account static friction eects. Some models
include stiction description, such as in the Dahl model (Canuda DeWit et al. [74]). Although
it is useful for quasi-static actuators such as stick-slip actuators (Breguet [75]), ultrasonic
motors are almost always in a “slip” contact condition. erefore, stiction is not included in
our model.
Tribology at the micro-metric scale is complex. e roughness of the two surfaces placed
in contact results in an actual contact surface much lower than the considered surface at the
macro-scale. Moreover, displacements of ultrasonic actuators are at the micrometer scale
which is about the same size of the irregularities present at the surface of the material used
as stator and rotor. is is the reason why this simplied model is only an approximation
of the contact model at the micro-metric scale. Improvements could be expected by taking
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into account a possible partial sliding of the stator against the rotor considering the low
amplitude of the ultrasonic vibration (Garbuio [76]), the tangential stiness could also be
taken into account in the case of low stiness contact materials. Nevertheless, results in
the literature have shown that the model proposed here is sucient to describe the friction
behavior of an ultrasonic motor (Wallaschek [77]).
3.2.2 Ultrasonic motor contact modeling
Dierent models have been used to describe the torque transmission in ultrasonic motors.
Wallaschek [77] proposed a model well adapted to traveling wave motors while Guo et al.
[72] proposed a model for a longitudinal-torsional standing wave actuator that shows good
agreement with experimental results. In this work, it is proposed to adapt this model to a
standing wave actuator with arbitrary geometry. e goal is to be able to predict eects such
as contact length based on modal displacement obtained analytically or using nite element
methods.
Stator displacement
Figure 3.2: Local coordinates system used to dene the contact model. Displacement of
the stator is expressed in the coordinates system dened by the normal and tangential
vectors to the rotor surface.
e displacement of the rotor is caused by the deformation of the stator both in the normal
and tangential direction to the rotor. A motion of the stator only in the normal direction to
the rotor does not result in a macroscopic movement and it is the formation of elliptical or
oblique movements which causes the displacement of the rotor. Considering that rotor and
stator can have complex shapes, there is a need to express the displacement of the contact
point of the stator in a local coordinates system dened by the normal and tangential vectors
to the rotor surface (see gure 3.2). e components of the movement at the edge of the rotor
are divided in a combination of a normal amplitude and a tangential amplitude:
un(s, t) = un(s) cos(ωt) (3.3)
ut(s, t) = ut(s) cos(ωt) (3.4)
un(s) and ut(s) are complex amplitudes as a function of the curvilinear abscissa s on the
actuator. ey can be wrien as a function of the phase and the module of the displacement:
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un(s, t) = |un(s)| cos(ωt+ φn) (3.5)
ut(s, t) = |ut(s)| cos(ωt+ φt) (3.6)
with φn = arg(un(s)) and φt = arg(ut(s)) .
Impact force
Figure 3.3: Friction layer is considered as an elastic layer. Its stiness kf should be
lower than rotor and stator stiness for the model to be valid.
e interface between the rotor and stator is composed of an elastic sheet of material which
has an equivalent stiness k = Ey×Sc
h
where Ey is the Young’s modulus of the contact ma-
terial, Sc the contact area and h the thickness of the contact layer (gure 3.3). It is assumed
that the rotor does not move or deform, and that the stator imposes a deformation to the
friction layer. is means that the stiness of the friction layer has to be small as compared
to the rotor and stator stiness. Dening [ta;tb] as the time interval during which there is
contact between rotor and stator, the normal force P can be wrien as:


P = 0 t ∈ [0; ta[
P = k(un(s, t)− uan(s)) t ∈ [ta; tb]
P = 0 t ∈]tb;T ]
(3.7)
Where uan(s) is the minimum displacement of the actuator for which there is contact.
Contact time
enormal force is a sinusoidal function and a reasonable hypothesis is that the time interval
when contact occurs is centered on the maximum normal amplitude. From the previous
denitions, this maximum is reached when ωt=−φn(s)=ϕmax(s). It is assumed that, during
steady state operation, there is contact during each frequency cycle. It means that the total
acceleration exerted during one period of the movement is zero:
ˆ T
0
u¨ndt = 0 (3.8)
1
m
ˆ T
0
(P − P0)dt = 0 (3.9)
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Figure 3.4: Normal displacement as a function of movement phase. ϕa correspond to
the starting phase angle of the contact and ϕb to the end of the contact.
Where P is the force applied by the actuator as dened previously in equation (3.7) and
P0 is the preloading force on the rotor. Since the movement is periodic, it is convenient to
use the phase of the periodic function as the integration variable:
1
ω ×m
ˆ 2π
0
(P − P0) dϕ = 0 (3.10)
ˆ 2π
0
Pdϕ = 2πP0 (3.11)
Assuming contact occurs between phase ϕa and ϕb (see gure 3.4) we have:
ˆ ϕb
ϕa
k [|un(s)| cos(ωt+ φn(s))− uan(s)] dϕ = 2πP0 (3.12)
k |un(s)| [sin(ϕb + φn)− sin(ϕa + φn)]− kuan(s) [ϕb − ϕa] = 2πP0 (3.13)
Since contact occurs symmetrically around maximum normal amplitude phase, it is pos-
sible to write, for ϕa and ϕb:
ϕa = ϕmax − ϕc
2
= −φn − ϕc
2
(3.14)
ϕb = ϕmax +
ϕc
2
= −φn + ϕc
2
(3.15)
Where ϕc is the phase angle when the stator and rotor are in contact. From equation
(3.3), the displacement at ϕ = ϕa is u
a
n(s) = un(s)cos(
ϕc
2
). Substituting in (3.13):
|un(s)|
[
sin(
ϕc
2
) + sin(
ϕc
2
)
]
− |un(x)| cos(ϕc
2
)ϕc =
2πP0
k
(3.16)
|un(s)|
[
2sin(
ϕc
2
)− ϕccos(ϕc
2
)
]
=
2πP0
k
(3.17)
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is non-linear equation can be solved numerically for the contact time ϕc from which
ϕa and ϕb are deduced.
Critical preloading
When the rotor and stator are always in contact, the contact phase span is ϕc = 2π. Replac-
ing ϕc in (3.16), the critical preloading Pc can be obtained:
|un(s)| 2π = 2πPc
k
(3.18)
Pc =
EySc
h
|un(s)| (3.19)
It can be observed from this equation that the stier the contact layer is, the easier it is
to obtain levitation of the rotor for a given preloading. Over the critical load, torque of the
motor is constant while the speed drops (Guo et al. [72]).
Generated torque
e process that sets the rotor in rotation is due to the friction force that the tangential
motion creates. It is possible to model the friction force using friction laws presented earlier:
Ft = µP (3.20)
Ft is the tangential friction force and µ the friction coecient between the two surfaces.
For a simple viscous Coulomb law and neglecting the static friction coecient it is given by:
µ = (u˙t − Vr)
(
µd
|u˙t − Vr| + k1
)
(3.21)
Vr is the rotor velocity, u˙t is the speed of the considered point of the interface, µd is the
dynamic friction coecient and k1 is the viscous friction coecient. A dierent denition
of µ presented in gure 3.1b is used for numerical stability. Considering a contact length L,
the average tangential force during one cycle will be given by:
Ft =
1
T
ˆ T
0
ˆ L
0
µ(s, t)P (s, t)dsdt (3.22)
And the transmied torque will be:
Mr = Ft ×R (3.23)
Where R is the radius of the rotor.
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Stall torque and maximum speed
From these equations, it can be observed that the actuator will generate a torque that accel-
erate the rotor. is transmied torque depends on the speed of the rotor. Figure 3.5 shows
the dierent regimes of the motor. At start, transmied torque is maximum. Eventually,
the rotor reaches a speed higher than the tangential speed of the stator. e friction force
changes sign and a torque in the opposite direction is generated slowing down the rotor
(braking torque). erefore, the net transmied torque is lowered. An equilibrium state is
reached when generated torque is close to 0 and constantly changing sign between cycles,
then motor speed is maximum. Using a time-dependent solver, it is possible to obtain the
transient response and torque-speed response of the motor.
Figure 3.5: Evolution of torque transmission with respect to rotor velocity. Areas
marked with a plus sign correspond to contact time where the speed of the stator is
higher than the rotor. Minus sign correspond to instants where the velocity of the sta-
tor is lower than the rotor and braking forces occur. At rst (le), speed of the rotor
is 0 so that every instant of the contact time produce torque that accelerate the rotor.
When speed increases, velocity of the rotor motion will eventually be below rotor speed
and braking occurs, causing a decrease in the average transmied torque. When useful
torque and braking torque cancel each another, the rotor reaches maximum speed.
Contact eciency
During the time when the stator is in contact with the rotor, contact surfaces slide against
each other because of their speed dierence. Some energy is dissipated through sliding fric-
tion and the contact eciency resulting can be expressed as:
η =
Pout
Pout + Pd
(3.24)
where Pd is the dissipated power by the contact and Pout is the output power. Pd is the
power lost when there is sliding between rotor and stator, it is dened as:
Pd =
1
T
ˆ T
0
Ft∆V dt (3.25)
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with ∆V = u˙t − Vr and Ft the tangential friction force. Pout is the output mechanical
power given by the product of torqueMr and speed Vr.
Pout = Mr × Vr (3.26)
e dissipated power Pd is important to take into account since it will generate heat that
can aect actuator properties.
3.2.3 Friction material for ultrasonic motors
Figure 3.6: Classication of some materials used in traveling wave ultrasonic motors.
ese polymers are classied as a function of their potential output power and ecien-
cies in an ultrasonic motor application.
Various materials have been used for ultrasonic motors fabrication. Uchino [78] dis-
cussed the dierent materials for ultrasonic traveling wave motors. e presented materials
are polymers and great dierences are found in terms of output power varying from 1 W
to 7W and eciencies from 4 to 23 % (gure 3.6). Zhao [71, page 59] discusses dierent
materials that can be used for ultrasonic motors. A matrix of polymeric material (PTFE,
Epoxy, Polyimide…) is associated with a reinforcing ller (Alumina, Carbon ber..) which
improves the stiness and temperature dependent properties of the material. A friction reg-
ulator (PTFE, copper oxide, graphite…) is added and improves the anti-wear properties of
the material. Zhao [71] discusses also hard type contact layer based on alumina. ey pro-
vide quicker response time but are hard to spread onto the contact surfaces. e specic
case of a working longitudinal-torsional prototype showed that the best friction pair is an
aluminum stator associated with a resin-based tribomaterial placed onto the rotor. In Ishii
et al. [79], the eect of added lubricant on a hard/hard (steel/steel) contact in ultrasonic mo-
tor is discussed. It is observed that eciency is highly improved at high preloading force
using a lubricated condition. e phenomenon is aributed to a change in friction regime
during a cycle which goes from a boundary type lubrication (when normal displacement is
maximal) to a hydrodynamic lubrication regime (when normal displacement is minimum).
e phenomenon is conrmed and modeled in a more recent study by Qiu et al. [80]. In Ko
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et al. [81], various hard material such as TiN or diamond like carbon are discussed for stator
coating in ultrasonic traveling type motors. e dynamic response of the actuator is good
but wear of the contact layer causes instabilities appearing aer 20 hours of operation.
As a summary, various type of contact materials are used in literature, it is not clear
which kind of material provides the best contact properties. Hard materials (such as sap-
phire) are always used in inertia motors and surface acoustic wave motors because of the
low induced displacement and the need for a precise roughness control. For ultrasonic mo-
tors, it is less clear about how to dene a best suitable material. Prototypes using so and
hard materials are found in the literature and it is dicult to nd a general design rule. In
our case, unloaded epoxy resin will be used as a contact material. Although it may not be
the most suitable contact material because of its low stiness, it is easily manipulated and
machined. Moreover, once a deposition method is well mastered, adding llers to the epoxy
matrix is a convenient way to tune contact material properties.
3.3 Coordinates change for the proposed actuator
Figure 3.7: Change in coordinates from global (~x, ~y) to local (~n,~t) coordinate system.
e application of the contact model requires to express the modal deformation at the
contact surface in the normal/tangential coordinate system.
Modes shapes obtained from modal analysis in chapter 2 are represented in a global
coordinate system (~x, ~y). e force transfer model requires the displacement at the contact
interface to be expressed in a local normal/tangential system. ese two coordinate systems
are presented in gure 3.7. It is convenient to express the change in coordinates using a
transformation matrix:
[
un(β)
ut(β)
]
~n,~t
=
[
cos(β) sin(β)
− sin(β) cos(β)
][
ux(β)
uy(β)
]
~x,~y
un and ut are normal and tangential amplitudes and β is the position angle along the
contact surface. ux and uy are complex numbers that include the displacements associated
with the longitudinal and the bending mode. e temporal phase shi ϕ is included in the
amplitude as a complex contribution, by multiplying the bending amplitude with ejϕ. For
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example a 90° phase shi is obtained by multiplying the bending mode with the complex
number j (ej
pi
2 = j):
ux(β) = u
L1
x + ju
B2
x (3.27)
uy(β) = u
L1
y + ju
B2
y (3.28)
Before this calculation, modes amplitudes are normalized by the maximum displacement
of the considered mode (
√(
uL1x
)2
+
(
uL1y
)2
for L1 mode) observed at the contact area. e
resulting modes amplitudes in the local coordinate system are represented in gure 3.8. It
can be observed that the two modes have signicant components in both normal and tan-
gential directions especially when the considered contact points are far from the center of
the actuator. It can be problematic regarding to the control of the actuator as it is gener-
ally beer to have an independent control on normal and tangential components for low
speed control as explained by Takano et al. [31]. Nevertheless, it should not aect the global
capabilities of the actuator.
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(a) L1 displacement in the nor-
mal/tangential coordinate system.
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(b) B2 displacement in the nor-
mal/tangential coordinate system.
Figure 3.8: Normalized modes displacements at the contact interface. Displacements
are expressed in the normal/tangential coordinate system, as a function of the position
angle β described in gure 3.7.
In the following studies, these normalized amplitudes will be used as input for the contact
model. An actuator with an epoxy contact layer of 1mm is considered. A Young’s modulus
of 10 GPa is assumed with a friction coecient of 0.2 between epoxy and aluminum. e
motor is modeled with a small static friction torque of 0.1mN.m that corresponds to the
friction torque caused by common bearings.
3.4 Mode displacement amplitudes
e rst characteristic that is analyzed in the contact model is the mode displacement ampli-
tudes. Amplitudes between 0 and 1µm are analyzed at a 1N preloading force considering an
actuator with its total length of contact against the rotor. Contact time, output speed, torque
and power are discussed along with the contact eciency of the actuator.
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3.4.1 Contact time
e amplitudes of the modes have a direct eect on the contact phase angle ϕc which rep-
resents the time during which the actuator is in contact with the rotor (see gure 3.9b). As
discussed in the previous section, since the both modes have important contributions to the
normal amplitude at the contact interface of the actuator, both modes should aect the aver-
age contact time along the actuator surface. Figure 3.9 shows the evolution of contact time
as a function of both modes amplitudes. It shows a comparable eect of each mode ampli-
tude on ϕc, with a diminution of contact time as amplitude is increased. e L1 mode has
a slightly more pronounced eect and, at a constant 0.2µm in bending mode amplitude, it is
possible to observe a contact angle below 1.5 rad (for a 0.95µm L1 amplitude). With a con-
stant 0.2µm L1 amplitude, a 1 µm B2 amplitude is not sucient to bring contact time below
1.5 rad. Contact time decrease is non linear, with a fast decrease from 3.5 rad to 2.5 rad and
a slower decrease with higher the amplitudes.
(a) Contact phase angle ϕc as a function
of both displacement amplitudes.
(b) Representation of the portion of the
elliptical motion duringwhich stator is in
contact with the rotor (hatched area) as a
function of contact angle ϕc.
Figure 3.9: Evolution of mean contact time along the contact area with respect to both
mode amplitudes at P0 = 1N . e actual considered parameter is the contact phase
angle ϕc, it is oen referred to as contact time to avoid the confusion with the angle
of the movement at contact interface. Since the contact phase angle changes along the
surface of the actuator, an averaged value is considered.
3.4.2 Motor output characteristics
emechanical output characteristics can be observed as a function of themodes amplitudes.
From the contact time evolution it can be expected that a saturation torque will be reached
as ϕc decrease is slowed down. Speed should not nd a saturation point since an increase in
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the amplitude of the mode will cause stator tangential speed to be higher. Figure 3.10 and
3.11 sums up the model predictions.
(a) Evolution of speed with respect to
both modes amplitudes at P0 = 1N . At
low amplitude, when one mode ampli-
tude is kept constant (doed white lines),
the speed is not aected by a change in
the other mode amplitude. No satura-
tion is observed and speed keep increas-
ing above 1µm amplitude.
(b) Evolution of torque with respect to
both modes amplitudes at P0 = 1N . A
saturation torque is reached above 0.2µm
(for both modes at the same amplitude).
An increase in the amplitude does not al-
ways result in a increase in torqueM (see
doed arrows).
Figure 3.10: Evolution of speed and torque characteristics as a function of the twomode
displacement amplitudes.
Figure 3.10a shows the evolution of speed as a function of mode amplitudes. Both ampli-
tudes have comparable eect and should be increased in order to improve speed. A threshold
eect is observed and for example if B2 is increased up to 1µm but L1 is kept at low ampli-
tude (<0.1µm), the speed does not increase much. is conrms the fact that both modes
are necessary for proper motor operation.
Figure 3.10b shows the evolution of torque as a function of mode amplitudes. e rst
characteristic that can be observed is the saturation torque of 3mN.mwhich is reached when
B2 and L1 amplitudes are both slightly over 200 nm. It is represented as a large white area.
Further increase in the amplitude do not result in any torque improvement. It can also be
noted that an increase in mode amplitude do not necessary result in an improvement of the
transmied torque. In gure 3.10b, the dashed arrows show this phenomenon. As saturation
torque is reached, an increase in L1 mode amplitude while keeping B2 mode amplitude
constant result in a drop of the maximum transmied torque. is is due to a diminution of
the average contact time that is not completely compensated by the increase in the normal
force P = k(un − uan). erefore, the average transmied force during a period is reduced.
e torque evolution conrms the importance of both amplitudes to obtain interesting torque
performance.
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(a) Evolution of maximum power output
with respect to both mode amplitudes at
P0 = 1N . It is observed that an increase
in one amplitude can result in a drop of
output power that may aect greatly mo-
tor eciency.
(b) Evolution of contact eciency with
respect to both mode amplitudes at P0 =
1N . A B2 amplitude 1.3 times higher
than L1 amplitude result in a beer con-
tact eciency and therefore reduced gen-
erated heat at the interface as compared
to output mechanical power.
Figure 3.11: Evolution of output power and contact eciency as a function of the two
modes amplitudes.
Figure 3.11a represents the evolution of output power as a function of mode amplitudes.
e output power does not observe a saturation point since speed is always increased by
an augmentation of the mode displacement. It is observed that an increase in one mode
amplitude while the other is kept constant may result in a drop of the output power. is
has an important eect on motor eciency as an augmentation of L1 mode amplitude will
requiremore electrical energy to be injected and since it results in a drop of the output power,
the total motor eciency decreases. e doed-dashed line represents the pathwhere output
power is best for a given
√
A2L1 + A
2
B2
. If both modes have the “same cost” in terms of
energy usage, this will be the path for best eciency. Unfortunately both modes do not have
the same damping factors, and an increase of 1W electrical input for L1 mode excitation is
not likely to have the same eect on mode amplitude as 1W additional power for B2 mode
excitation.
Figure 3.11b represents the evolution of the contact eciency, that is to say the energy
lost in contact sliding as compared to the output energy. Bending mode have a benecial
eect on contact eciency. e dashed-doed arrow shows that a B2 amplitude about 1.3
times higher than L1 amplitude results in a beer contact eciency with a maximum of 60%
obtained at a 1µm amplitude on the bendingmode and 600nm on longitudinal mode. Contact
eciency does not give information about actual eciency of the actuator, but about heat
generation due to friction as compared to the mechanical output power.
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3.5 Preloading force
In this study the eect of preloading force on the actuator performance is analyzed. e
layer is kept at 1mm thickness, with the full area in contact. Maximum amplitudes of both
modes are set to 1µm.
3.5.1 Contact time
Similarly to the amplitude parameter, the preloading force aects contact time and therefore
the average tangential speed of the actuator. Figure 3.12 shows the evolution of the average
contact phase angle ϕc as a function of the preloading force. e relation shows a fast in-
crease of contact time between 0 and 5 N which slows down until a critical preloading force
is reached at∽ 40 N. A constant contact condition (ϕc = 2π) is kept for higher preload. e
output torque is expected to increase as preloading force increases since the contact time
and average generated tangential force is improved. Speed, on the other hand, is reduced as
contact time increases because average tangential speed is lowered.
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Figure 3.12: Mean contact phase angle ϕc along the contact surface vs preloading force
for a given amplitude of 1µm on both modes. A saturation eect is observed above 40N
at which a constant contact condition is reached (ϕc = 2π ).
3.5.2 Motor output characteristics
From the equations derived in section 3.2, the preloading force do not aect directly the
torque of the actuator. P0 is not directly taken into account in the generated tangential
force. In fact, increasing the preloading force causes an increase in the contact phase angle,
thus, the tangential force is applied for a longer time and the factor un − uan expressed in
equation (3.7) is larger. e model shows (gure 3.13a) that for a given amplitude, torque
increases with the preloading force but once full contact time is reached (P0 > Pc, where
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Pc is the critical force expressed in equation (3.19)), torque stops to increase because of a
constant contact time. In the case of the considered model parameters, a maximum torque
of 70 mN.m is observed at critical preloading force. On the opposite, mean tangential speed
is reduced as contact time is increased. is causes a drop of the maximum speed of the
rotor as preloading force is increased. is decrease is continuous, with no visible change as
preloading force is above critical force.
(a) Torque and speed. (b) Output power and contact eciency.
Figure 3.13: Motor output characteristics as a function of preloading force. e actuator
is modeled for a 1µm maximum amplitude on both modes and a contact layer of 1mm
thickness.
Power and contact eciency are presented in gure 3.13b. e output power increases
as preloading force increases and a maximum output power is found for a preload of 29N.
It corresponds to a preloading force below the critical force, with a contact time of 4.75rad
(i.e. rotor loses contact with stator for about 25% of the time). is indicates that there
exists an optimal preloading force for actuator maximal eciency. Contact eciency drops
as preloading force is increased. When contact time increases, more energy is lost through
sliding. e additional energy lost in the sliding of the actuator is greater than the output
energy gained from the increased preloading force, causing contact eciency to decrease.
3.5.3 Torque versus speed characteristics
Contact model returns transient characteristics of the motor, therefore, it is possible to repre-
sent speed as a function of torque. Unlike a conventional electromagnetic motor, which has a
linear relationship between torque and speed, ultrasonic motors have a non-linear response
that depend highly on the contact properties. Figure 3.14 shows the evolution of speed as a
function of torque for dierent preloading force. For a 41 N preloading force the response
is at and close to a linear relationship. As preloading force is reduced, an almost constant
torque is observed at low speed. For example at a 5N preloading force, a 15mN.m torque
is kept up to a 125 rpm speed. For higher speed, torque tends to have a linear dependance
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Figure 3.14: Evolution of speed vs torque actuator response as a function of preloading.
As preloading force is reduced, torque tend to be almost constant for a large speed range.
with speed. is constant torque can be explained by a high average tangential speed dur-
ing contact. Indeed, the torque diminution as speed increases is due to instants of contact
during which the tangential speed of the stator is lower than the rotor speed which cause
the generation of braking forces that slows down the rotor (as explained in gure 3.5). If the
tangential speed is high and the contact time is low, the speed of the rotor has to be higher
for braking forces to appear. One consequence of this phenomenon is that at low preloading
force, the power peak of the actuator tends to be at low speed. As preloading force is high,
it tends to be close to electromagnetic motors power peak which is at half maximum speed
of the motor.
3.6 Contact layer stiness
In this section, it is proposed to observe the inuence of contact layer stiness on the motor
mechanical characteristics. Contact layer stiness is dened as k = EySc
h
where Ey is the
Young’s modulus of the contact layer, Sc the area of contact and h the thickness of the layer.
It is possible to increase the stiness of the layer by either increasing Young’s modulus or
decreasing contact layer height (Sc is dicult to vary since it depends on the actuator geom-
etry). It is proposed to observe the inuence of a change in the height of the contact layer
on the properties of the actuator. Modes amplitudes are 500nm and the entire contact area
is in contact with the rotor.
3.6.1 Contact time
e contact time increases as the layer thickness increases (i.e. stiness decreases). Figure
3.15 shows a symmetric eect of layer thickness and preloading force on contact time. is
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Figure 3.15: Contact phase angleϕc as a function of the layer thickness and the preload-
ing force P0. e symmetry axis shows a common eect of preloading force and contact
thickness on the contact phase angle ϕc.
symmetry is expected from equation (3.17) which shows that contact time depends on the ra-
tio 2πP0
k
. It means that at lower layer thickness, higher torque can be reached since the critical
preloading force Pc is higher. Another result that can be expected is an increased maximum
speed for a given preloading force since a reduced contact time implies an increased average
tangential speed during contact at the interface.
3.6.2 Motor output characteristics
Figure 3.16 shows the evolution of speed and torque as a function of layer thickness and
preloading force. A reduction of layer thickness causes the output speed of the motor to
be higher for a given preloading force. is is in accordance with a reduction of contact
time and an increased average tangential speed. Figure 3.16a shows a symmetrical graph
indicating that the relative inuence of layer thickness and preloading force on motor speed
is the same, and that at constant mode amplitudes, the contact time is the only parameter
that inuences speed of the motor.
Torque presented in gure 3.16b shows that the inuence of preloading force and contact
thickness is dierent. At low preloading force, a change in layer thickness does not visibly
aect the output torque of the motor. At these forces, the contact time is low and a saturation
torque similar to the one discussed in section 3.4 on amplitude eect is likely to be reached.
As preloading force is increased, changes are observed with a diminution of the maximum
transmissible torque as layer thickness is increased. is is essentially due to the maximum
contact time which is reached at higher preloading force when the contact layer is thin.
Figure 3.17 shows the evolution of maximum output power and contact eciency as a
function of layer thickness and preloading force. It shows that the output power is maximal
where preloading force is maximal and contact layer thickness is minimal. e preloading
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(a) Evolution of speed as a function of
layer thickness and preloading force for
mode amplitudes of 500nm. A reduction
of contact layer thickness causes an in-
creased stiness and a higher rotor speed
at a given preloading force. e symme-
try of the graph suggests a high depen-
dance of rotor speed on the contact time.
(b) Evolution of torque as a function
of layer thickness and preloading force
for mode amplitudes of 500nm. At low
preloading force the layer thickness does
not aect maximum output torque. At
higher preloading force, a lower thick-
ness causes the output torque to be
higher.
Figure 3.16: Evolution of speed and torque characteristics as a function of the layer
thickness and preloading force.
force aects maximum transmissible torque while contact layer stiness keep the contact
time low so as to obtain a high rotor speed. At low preloading force, the eect of the layer
thickness is low and increases as preloading force increases. is is due to low contact time
variations at low preloading force. As preloading force increases, the eect of layer thickness
on output power is much more visible since contact time is high and the increase in layer
stiness allows to reduce the contact time. Contact eciency is high for low preloading
forces and low layer thickness. Its variations are highly dependent on contact time as the
graph is very similar to contact time evolution. As contact time is reduced, the slipping time
of the stator against the rotor is shorter and the dissipated energy due to sliding friction is
lower. ese observations are also valid for a change of contact material. A stier material
is equivalent to a diminution of layer thickness.
3.7 Contact length
e contact length is one of the properties that make the novelty of the actuator proposed
in this work. It is possible to apply the contact model to dierent contact layer lengths
and analyze how it may aect the actuator mechanical characteristics. In this study, the
length of the contact is changed. e extremities of the actuator are always kept in contact
with the rotor and the contact area is increased symmetrically from the extremities to the
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(a) Evolution of output power with re-
spect to layer thickness and preloading
force for mode amplitudes of 500nm. e
maximum power point is reached at low
layer thickness (high stiness) and high
preloading force. e preloading force
causes the maximal transmissible torque
to increase while layer thickness causes
the contact time to stay low enough so
that rotor speed is high.
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(b) Evolution of contact eciency with
respect to layer thickness and preloading
force for mode amplitudes of 500nm. e
evolution of contact eciency is sym-
metric with respect to preloading force
and layer thickness. It shows that con-
tact eciency is essentially dependent on
contact time and that it is improved with
a low contact time (i.e. low preloading
force and low layer thickness).
Figure 3.17: Evolution of power and contact eciency as a function of the layer thick-
ness and preloading force.
Figure 3.18: Denition of the parameters used for the change in contact length. w is
dened as the length of the contact used for actuation.
center of the actuator until full contact is reached (see gure 3.18). Lengths of contact w
between 1mm to 10mm are considered and the maximum length of the contact area is ltot =
40.5[deg] π
180
× 15[mm] = 10.5mm. e preloading force is distributed all over the contact
area so that locally the pressure is decreased when the contact length is increased (with
constant P0). e contact model is applied through a set of preloading forces between 1 and
20 N at an amplitude of 500 nm on both modes.
3.7.1 Contact time
Amap of contact time as a function of preloading force and contact length is shown in gure
3.19. As discussed before, contact time increases as the preloading force is increased. Because
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Figure 3.19: Mean contact time ϕc as a function of the length of contact w and preload-
ing force P0. When contact length is increased, preloading force is beer distributed,
causing the mean contact time to decrease.
of the distributed preloading force, the critical force for which ϕc = 2π increases as contact
length is increased. erefore the maximum transmissible torque might be improved by this
phenomenon and a higher output power may be reached, indicating beer eciency of the
actuator. On the other hand, the amplitudes are not the same along the actuator, and an
increase in contact length might include non-constructive contact motions that may aect
motor performance.
3.7.2 Motor output characteristics
Torque and speed characteristics of the motor are presented in gure 3.20. e maximum
speed is reached at low preloading force where contact time is low. e diminution of the
average contact time has a role along with the newly included points of contact that may
reduce the average tangential speed during contact and along the contact area. For a given
preloading force, there is an optimal length where speed is maximum. is optimal length
is represented as a doed-dashed arrow in gure 3.20a. e result shows that an increase of
the contact length as preloading force is increased provides beer speed performance. e
optimal contact length for maximum speed is about 3mm at 1N preload. As preloading force
is increased to 15N, a contact length of 5mm is optimal.
Torque is improved by an increase in the contact length. As contact length increases,
the preload is beer distributed over the contact area and contact time is reduced. erefore,
the critical preload and maximum torque observed in gure 3.13a are reached at higher force
and higher torque can be transmied. Below the critical regime (i.e. at low preloading force),
it could be expected that a larger contact area would produce less torque than the shorter
one since contact time is reduced because of force repartition. Contact model shows that
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(a) Motor speed as a function of contact
length and preloading force. ere is an
optimal length for which motor speed is
maximal. is length tend to increase
as preloading force is increased. At low
preloading force a contact length around
3 mm provide highest speed while above
15 N a contact length above 5 mm is
optimal in terms of maximum reachable
speed.
(b) Maximum transmissible torque as a
function of contact lengthw and preload-
ing force. At low preloading force, the
torque is not aected by a change in con-
tact length. With preloading force above
4N, the maximum torque is increased
when the contact length is increased.
Figure 3.20: Evolution of speed and torque as a function of contact length and preload-
ing force.
similar torque is observed, therefore conrming the constructive interactions between the
dierent contact points along the actuator. e benets of an increased contact length on
torque becomes visible for preloading forces above 4 N.
Output power and contact eciency are represented in gure 3.21. An optimal contact
length value for best output power can be found for a given preloading force. It is shown as
a doed-dashed arrow. is optimal value tends to increase as preloading force is increased.
A contact length of 5mm is optimal at a 1N preloading force while a 7mm contact length
provides beer output power at a preloading force of 8.5N. Motor output characteristics
are results that should be considered carefully since the model does not take into account
the possible losses in the vibration caused by an increased of the contact length. However,
the result shows that in terms of contact, without considering a possible damping eect,
an adaptation of the contact length depending on the preloading force may improve output
power and eciency of the motor.
Contact eciency is presented in gure 3.21b. An optimal contact length for maximal
contact eciency exists at a given preloading force. is optimal length tends to increase as
preloading force increases and is represented as a dashed-doed black arrow. is optimal
length is a tradeo between contact time minimization and tangential speed maximization.
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(a) Evolution of motor output power as
a function of contact length and preload-
ing force. e optimal path for best out-
put power is shown as the doed-dashed
arrow. It indicates an optimal contact
length of 5mm at low preloading force
that tends to be larger as preloading force
is increased.
(b) Contact eciency as a function of
contact length and preloading force. e
optimal contact length for maximum
contact eciency at a given preloading
force is shown as a doed-dashed black
arrow. It shows that an increase in the
contact length is interesting to improve
contact eciency as preloading force in-
creases.
Figure 3.21: Evolution of output power and contact eciency as a function of contact
length and preloading force.
An increase in contact length reduce contact time while inclusion of points with low tan-
gential speed may reduce contact eciency.
3.8 Frequency response of the actuator
One last characteristic that is proposed to be analyzed is the frequency response of the ac-
tuator and more specically the inuence of mode non-degeneration on the actuator per-
formance. In practice, it is almost impossible to obtain a perfect match between both mode
frequencies and it is therefore interesting to observe how mode separation inuences the
actuator response.
3.8.1 Modes frequency response
A typical mode frequency response for the two vibrations modes is assumed. It is proposed
to consider the modes as classic resonant systems with a normalized amplitude. e re-
sponse is dened by two parameters: resonant frequency fs and quality factor Qm. e
resonance frequency denes the frequency point where normalized amplitude is 1 and the
quality factor describes how the amplitude drops near this frequency. A typical example of
modes responses is shown in gure 3.22. Bending and longitudinal modes are assumed to
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Figure 3.22: Example of two modes amplitude frequency responses for a 500 Hz shi
and 50 and 150 quality factors. Two peaks with the same quality factor correspond to
the response of two modes used together for actuation. Amplitudes are normalized so
that Qm only aects peak width.
have the same quality factor and in the gure two dierent quality factors with a 500 Hz
frequency shi are presented. e two modes with Qm = 150 have sharper frequency re-
sponse than the modes with a Qm = 50. erefore the mode responses with a Qm = 50
are assumed to be less sensitive to a mode shi than modes with higher quality factors. As
it can be observed, the quality factor is assumed to only inuence the distribution of the
amplitude around the resonant point and it does not change the maximum amplitude. is
assumption is not true since a high quality factor resonance has less mechanical dissipation
and higher displacement amplitude. e objective here is to observe the inuence of mode
non-degeneration on frequency response and not on the maximum performance of the ac-
tuator, absolute speed and torque comparisons between dierent mechanical quality factors
results are therefore incorrect.
3.8.2 Motor frequency response
Motor frequency response is computed at a xed preloading force of 5 N and a peak am-
plitude of 1µm on both modes. Contact layer is 1 mm thick and full contact is considered.
Figure 3.23 shows the evolution of velocity as a function of driving frequency for dierent
frequency shis ∆f and quality factors Qm. When modes are not shied, the velocity fol-
lows the amplitude response of the actuator, with a peak velocity at resonance frequency.
For the low quality factor case, as the modes are shied one from another, the maximum
velocity drops. When quality factor is higher (150), inversion in speed is observed due to
the phase shi of rst mode movement and is visible with a 1 kHz frequency shi. Aer
the second resonance peak, the actuator has a similar speed response as in the case where
the modes are not shied. When the frequency shi between the two modes is increased,
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(a) Velocity vs frequency response for
dierent frequency shi (Qm = 50).
-
(b) Velocity vs frequency response for
dierent frequency shi (Qm = 150).
Figure 3.23: Eect of mode non-degeneracy on motor speed as a function of frequency.
the frequency span where speed is inverted increases also. is behavior is prejudicial to
the motor operation since it reduces greatly motor eciency. It might be useful in order
to set-up a frequency controlled direction of motion if the phase shi between the modes
cannot be controlled.
(a) Torque vs frequency response for dif-
ferent frequency shi (Qm = 50).
-
-
(b) Torque vs frequency response for dif-
ferent frequency shi (Qm = 150).
Figure 3.24: Eect of mode non-degeneracy on motor torque as a function of frequency.
Figure 3.24 shows the evolution of torque frequency response for dierent frequency
shi and quality factor. For a 0 Hz shi (mode degeneracy), the torque has less important
variations than speed with respect to frequency. e reason is that at the considered contact
conditions, the torque does not variate muchwith respect to normal amplitude (an amplitude
dependent saturation torque is reached). At Qm = 50, mode separation starts to have a
signicant eect for a frequency shi of 1 kHz, with a drop of 1 mN.m in torque. At 2
kHz shi, the torque drops to 2 mN.m at 105kHz. For Qm = 150, the eect is important
at a frequency shi of 500 Hz with a torque decrease of 5 mN.m. An inversion of torque
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direction is observed at a 1 kHz frequency shi. Mode non-degeneracy aects similarly
speed and torque, with high loss in terms of actuator performance.
3.8.3 Maximum output power
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Figure 3.25: Evolution of maximum output power as a function of frequency shi be-
tween the two modes.
A good indication of how mode frequency shi is prejudicial to the actuator operation is
the output power. Figure 3.25 shows the evolution of the output power as a function of the
frequency shi for dierent quality factors. It can be observed that a 1kHz shi with Qm =
50 causes the output power of the actuator to drop to 60% of the maximum output power. At
a quality factor Qm = 150, the consequences of a 1kHz shi are much more important with
an output power below 20%. ese observations show how much the proposed process for
mode tuning in section 2.4 is important.
3.9 Conclusion
In this chapter, the conversion of vibration to rotor rotation is described. A contact model is
proposed and applied to the actuator. It is used to predict the motor output characteristics as
a function of displacement amplitudes, preloading force, contact layer properties and mode
frequency shi. emodel leads to several recommendations for the ultrasonicmotor design:
• e two modes should be of the same amplitude for optimal motor performance.
• e torque of the actuator strongly depends on preloading force. Above the critical
preloading force, the transmied torque is saturated. is critical preloading force
can be increased by a contact time decrease. A normal amplitude increase or a stier
contact layer reduce the contact time.
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• e speed of the actuator depends on mode amplitude and contact time. An important
tangential speed is associated with a large rotor speed. Speed is also improve by a
contact time reduction.
• e contact layer length modies the motor properties. A large contact area can be
useful to provide higher torque, since it distributes the preload hence reducing the
contact time.
• As modes frequencies are set apart, the output power of the motor decreases. An
actuator with low quality factor is less sensitive to this frequency shi. As quality
factor increases, inversions of rotation direction are observed.
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CHAPTER 4. ELECTRODES PATTERN: ELECTRICAL ENERGY TO MECHANICAL
ENERGY CONVERSION
4.1 Introduction
Several steps of the design of an ultrasonic motor have been presented. Chapter 2 focuses
on the denition of the mechanical vibratory structure, the choice of its geometry and the
vibration modes that are used. Chapter 3 describes the transformation of vibratory energy
to rotation of the rotor. In this chapter, the rst step of the energy conversion is described.
e objective is to provide for an accurate description of the transformation from electrical
to mechanical vibratory energy. An important design parameter that will be considered is
electrode design. e chapter is organized is four dierent sections:
• e rst section presents an equivalent electromechanical model which is commonly
used to describe piezoelectric material properties around resonance. It is useful to
explain how the energy conversion can be modeled.
• Important criteria for actuator excitation eciency are determined. Twomain parame-
ters are found to be useful: quality factorQm and electromechanical eective coupling
factor keff .
• An analytical model for keff determination as a function of the electrodes paern is
proposed and veried experimentally.
• A complete model of the actuator is proposed based on harmonic nite element anal-
ysis and results from chapters 2 and 3. It allows to optimize the electrode paern for
our actuator.
4.2 Electromechanical model of a piezoelectric
resonant actuator
Figure 4.1: Equivalent Buerworth van Dyke (BVD) circuit used to model the behavior
of a piezoelectric crystal response around resonance. C0 andR0model the low frequency
response of the actuator while the RLC circuit model behavior of the crystal around a
resonance frequency.
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4.2. ELECTROMECHANICAL MODEL OF A PIEZOELECTRIC RESONANT ACTUATOR
Piezoelectric materials have been studied for more than 130 years. eir working prin-
ciple and physical properties are well known and understood. A detailed description of
piezoelectric materials is proposed in appendix A. In this section, the equivalent model of a
piezoelectric resonator around resonance is presented.
Numerous models have been used to describe the piezoelectric materials electromechan-
ical conversion. e Mason model is useful to describe the behavior of a structure composed
of a piezoelectric material and a resonant mechanical part and can, therefore, be used to
model an ultrasonic motor (Budinger [82]). In our case, the piezoelectric material is the
resonator and a good method to describe its behavior is an admiance analysis.
e coupling between the electrical and the mechanical characteristics of a piezoelectric
crystal leads to the determination of a lot of information from an electrical measurement.
Around resonance, the crystal frequency response can be considered as the response of a RLC
circuit associated with a capacitor in parallel (C0) which models the static capacitance of the
crystal. A resistor R0 can be added in parallel to model the dielectric losses in the crystal.
is model is known as the Buerworth Van Dyke model (BVD) and shown in gure 4.1.
4.2.1 Admittance circle
Figure 4.2: Typical Admiance circle around resonance. G is the real admiance andB
the imaginary admiance. Characteristic frequencies are represented along with meth-
ods to obtain equivalent circuit properties.
One useful method to obtain the equivalent circuit parameters is the admiance circle.
e admiance of the circuit described in gure 4.1 is:
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Y =
1
R0
+ iωC0 +
1
R1 + iωL1 +
1
iωC1
(4.1)
Y =
1
R0
+
R1
R21 +
(
L1ω − 1C1ω
)2 + i

C0ω −
(
L1ω − 1C1ω
)
R1
2 +
(
L1ω − 1C1ω
)2

 (4.2)
Y = G+ iB (4.3)
G is the real part of admiance called conductance and B, the imaginary part, is the
susceptance. Around resonance, the graph B = f(G) shows a circle which can be used to
determine the equivalent circuit parameters (gure 4.2).
Static dissipationR0 From the admiance equation,
1
R0
is dened as the minimum of real
admiance G. e R1
R1
2+
(
L1ω− 1C1ω
)
2 term cannot be zero, but tends to very low values when
ω is high or low as compared to resonance frequency. us, it is possible to nd 1
R0
as the
lowest conductance point of the circle.
Dynamic dissipation R1 At the point where the real admiance is maximum we have:
(
L1ω − 1
C1ω
)2
= 0 (4.4)
It corresponds to the point marked as ωs on the gure 4.2, which is the series resonance
frequency. e dynamic capacitance and inductance C1 and L1 compensate so that there is
only the dynamic dissipation R1 in the dynamic branch. Looking at the gure,
1
R1
can be
computed as max(G)− 1
R0
which is the diameter of the circle.
Dynamic capacitance C1 and inductance L1 In order to nd the dynamic branch pa-
rameters, everything cannot be read from the circle and the frequencies are also impor-
tant to take into account. e admiance circle has to be used in conjunction with regular
frequency-admiance plots. As it is has been seen earlier, the point where the real admit-
tance is maximal corresponds to the frequency ωs, the series resonance frequency. is
frequency can easily be found using a G = f(ω) graph. Admiance circuit equation shows
that:
L1ωs − 1
C1ωs
= 0
L1C1ω
2
s = 1
ωs =
√
1
L1C1
(4.5)
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It is also possible to nd the extrema of the susceptance which correspond to ω1 and
ω2 on gure 4.2. ey are frequencies where the real part of the admiance is equal to
1/R0 + 1/(2R1). So it is possible to write for these points the equations:
R1
R21 +
(
L1ω − 1C1ω
)2 = 12R1 (4.6)
2
1 +
(
L1ω− 1C1ω
R1
)2 = 1 (4.7)
(
L1ω − 1C1ω
R1
)2
= 1 (4.8)
L1ω − 1
C1ω
= ±R1 (4.9)
C1L1ω
2 ±R1C1ω − 1 = 0 (4.10)
is second order polynomial has four solutions:
ω2± =
R1C1 ±
√
(R1C1)2 + 4C1L1
2C1L1
(4.11)
ω1± =
−R1C1 ±
√
(R1C1)2 + 4C1L1
2C1L1
(4.12)
e solutions ω2− and ω
1
− are not suitable because they correspond to negative values
of the frequency ω. ere are two solutions ω1+ and ω
2
+ that we choose to note ω1 and ω2
(ω2 > ω1) and correspond to the ω1 and ω2 shown on the gure 4.2. From (4.12) and (4.11):
ω2 − ω1 = R1
L1
(4.13)
Dynamic inductance can then be deduced:
L1 =
R1
ω2 − ω1 (4.14)
And dynamic capacitance is deduced using the series resonance frequency:
ωs =
√
1
L1C1
(4.15)
C1 =
1
ω2sL1
(4.16)
e parameters found from the admiance circle analysis are a good initial guess for a
non-linear regression of the full frequency data.
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Specic frequencies Six specic frequencies are marked on gure 4.2:
• ωm corresponds to the maximal admiance point, where current owing in the ele-
ment is maximal.
• ωr corresponds to the frequency where the current is in phase with the voltage and
the piezoelectric element has a purely resistive behavior.
• ωs corresponds to the series resonant frequency, it is the frequency point where the
current owing into the dynamic branch is purely resistive and therefore corresponds
to the resonance frequency of the dynamic part.
• ωa corresponds to another point where the current is in phase with the voltage but it
correspond to the minimum purely resistive admiance that can be reached and can
be dened as an anti-resonance frequency.
• ωp corresponds to the maximum real impedance point of the system. It is also known
as the parallel resonance frequency.
• ωn corresponds to the maximum impedance frequency, it is the frequency point where
the current owing into the piezoelectric element is at its lowest value.
When quality factor is high, one can consider that ωm = ωr = ωs and ωa = ωp = ωn [83].
is property is interesting for resonance tracking of the actuator. ωs is dicult to track
using an electronic circuitry but ωr can be tracked using a phase measurement and ωm can
be tracked using a power measurement. erefore, a high quality factor simplify resonance
tracking of the actuator.
4.2.2 Mechanical quality factor
e quality factor is given by the ratio of the energy stored in the system to the energy
lost per cycle. Considering the energy in the dynamic branch, it is possible to compute the
mechanical quality factor of the system which will be the same as the quality factor dened
in (2.22):
Q = 2π
Stored Energy
Dissipated Energy per cycle
(4.17)
e maximum energy stored in the inductor is given by:
Estored = EL =
1
2
L1I
2
max (4.18)
e energy lost during one cycle is the energy dissipated in the resistor R1:
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Elost =
ˆ 2pi
ωs
0
R1I
2
max cos
2(ωt)dt (4.19)
Elost = R1I
2
max
π
ωs
(4.20)
e quality factor is then given by:
Qm = 2π
Estored
Elost
(4.21)
Qm = 2π
1
2
L1I
2
max
R1I2max
π
ωs
(4.22)
Qm =
L1ωs
R1
(4.23)
It can also be wrien in terms of the dynamic capacitance C1 given that ωs =
1√
C1L1
.
Qm =
1
R1
√
L1
C1
(4.24)
It has been shown earlier in equation (4.13) that the ratio L1
R1
can be expressed from
frequencies of lowest and highest susceptance ω2 and ω1 thus:
Qm =
ωs
ω2 − ω1 (4.25)
e mechanical quality factor computed here is similar to the one dened in equation
(2.21) and is useful to qualify the damping of the resonant motion.
4.2.3 Electromechanical coupling factor
e electromechanical coupling factor (k) is an interesting parameter to estimate the e-
ciency of the energy conversion in the actuator. e higher k is, the beer the conversion
from electrical to mechanical energy is performed. e electromechanical coupling factor
is dened as the ratio of converted mechanical energy (or electrical energy in the case of a
sensor) to the total stored energy in the device during one period (Yaralioglu et al. [84]):
k2 =
Emech
Etot
=
Emech
Eelec + Emech
(4.26)
For static cases, it can be computed using the piezoelectric coecients of the material
[85]. At resonance, an eective coupling factor is dened. From the equivalent circuit de-
scription, it is possible to write (Takano et al. [28]);
k2 =
Emech
Eelec + Emech
=
C1
C0 + C1
(4.27)
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k2 =
1
1 + γ
(4.28)
with
γ =
C0
C1
(4.29)
γ is called the capacitance ratio of the considered resonance. e eective electrome-
chanical coupling factor can be determined, at resonance, using the equivalent parameters
C0 and C1. It is also possible to dene the electromechanical coupling factor as a function
of characteristic frequencies [85]:
k2eff =
ω2p − ω2s
ω2s
(4.30)
Another denition of the electromechanical coupling factor is based on energy calcula-
tion in the device and is dened as the ratio of mutual elasto-dielectric energy squared to
the geometric mean of stored electric and elastic energy [85]:
k2 =
U212
U1U2
(4.31)
Where U12, U1 and U2 are computed from the state equations described in appendix A.
4.3 General discussion on electrode design and
eciency
When considering a resonant piezoelectric actuator several parameters can be used to char-
acterize the eciency of the resonant excitation:
ality factor: Qm characterizes the damping in the actuator. It is dened as the ratio
of stored energy in the actuator to lost energy during one cycle. In a simple spring-mass-
damper system it is directly linked to the properties of the system (stiness, damping and
mass) but not to the excitation whether it is its location or its amplitude. In a complex me-
chanical system,Qm depends on the properties of the material, the geometry of the structure
and the excited mode. e excitation only inuences how much energy can be transferred
to the mode during one period, but it does not inuence how much energy can be stored as
compared to the dissipated energy. When using a piezoelectric material, mechanical prop-
erties of the actuator depend on the electrical boundary conditions. An area of the actuator
where a eld is imposed have a dierent stiness (cE) as an area with open-circuit bound-
ary condition (cD). erefore, the mechanical stored energy is dierent and quality factor
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is inuenced. As an example, in the case of Ferroperm PZ26, the constant eld stiness cE33
(123GPa) is 28% lower than the open-circuit stiness cD33 (158GPa). In the case of an ultrasonic
actuator, we will consider the hypothesis that the actuator is mostly covered with electrodes
thus leading to very low variation of quality factor inuenced by electrode design (stiness
is assumed to be cE everywhere).
Eective electromechanical coupling factor: e eective coupling factor keff rep-
resents the eciency of the piezoelectric conversion in the case of a resonant actuator. It
characterizes how much of the electric energy injected in the system is converted into me-
chanical energy and is highly associated to electrode design. Similarly to a resonant beam
that is eciently excited if the harmonic force is placed at a point where the displacement is
important, the piezoelectric element vibration mode is eciently excited where the strains
or stresses are important (since the piezoelectric eect is directly linked to them). erefore,
the electrodes should be placed where modal strain or stresses are high in order to allow
high energy injection in the resonant system. keff is an interesting parameter to character-
ize the eciency of an excitation and should be the main parameter in electrode design of
an actuator.
Excitation eciency as a function of k2eff and Qm It is possible to give a full descrip-
tion of the eciency of the excitation of a piezoelectric actuator as a function of the two
parameters, keff and Qm. Mechanical energy in a resonant piezoelectric structure is analo-
gous to the energy in the dynamic branch of the Buerworth Van Dyke model that is given
by:
Ed =
1
2
L1i
2
1 (4.32)
where L1 is the dynamic inductance and i1 the current in the dynamic branch. At reso-
nance, L1 and C1 impedance cancel so that:
i21 =
(
U
R1
)2
=
U2Q2mC1
L1
(4.33)
Ed =
1
2
U2Q2mC1 (4.34)
For a given displacement amplitude, the energy losses are due to mechanical and dielec-
tric losses. While mechanical losses are due to the material and the mechanical constraints
of the actuator and cannot be aected by the electrode design, the dielectric loss is directly
linked to the eld and thus to the electrode area. e energy dissipated during one cycle is
given by:
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Eloss = πε0εrE
2
0 tan δe × A× d (4.35)
Eloss = πε0εrU
2
0 tan δe ×
A
d
(4.36)
Eloss = π tan δeC0U
2
0 (4.37)
So that nally the actual ratio of storedmechanical energy to lost electrical energy during
each cycle is given by:
Γ =
Ed
Eloss
=
Q2mC1
2π tan δeC0
=
Q2mk
2
eff
2π tan δe(1− k2eff )
(4.38)
is last equation gives the ratio of the useful energy to the lost energy. It shows that it
is interesting to optimize keff and Qm in order to obtain the best eciency.
4.4 Eective electromechanical coupling factor
computation
As discussed earlier, keff is an interesting parameter for optimizing electrodes of a piezoelec-
tric resonant actuator. In this section, an analytical model in order to obtain a fast, practical
tool for electrodes optimization is proposed. k2eff can be dened as:
k2eff =
U212
U1U2
(4.39)
U12 the coupling energy, U1 the elastic energy and U2 the dielectric energy are computed
from the state equations of piezoelectricity:
1
2
ˆ
V
TS∗dV =
1
2
ˆ
V
cESS∗dV − 1
2
ˆ
V
eTES∗dV = U1 + U12 (4.40)
e total electrical energy is given by :
1
2
ˆ
V
DE∗dV =
1
2
ˆ
V
eESE∗dV +
1
2
ˆ
V
εSEE∗dV = U12 + U2 (4.41)
S and T are the strain and stress in the actuator, E andD the electric eld and displace-
ment. e is the piezoelectric matrix, cE the stiness matrix at constant eld and εS is the
permiivity at constant strain. e star operator ∗ corresponds to the transposed conjugate
of the considered matrix (self-adjoint operator). Considering the excitation of a in-plane
mode of a plate with constant eld electric boundary conditions, a relation between the out-
of-plane modal strain S3 and keff can be wrien. Based on the piezoelectric mathematical
formalism explained in appendix A, the relation can be wrien as:
k2eff = K
(´
Velectrode
S3dV
)2
Aelectrode
(4.42)
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Where K is a constant depending on the properties of the actuator and the considered
mode. S3 is the out-of-plane strain and Aelectrode is the area of the actuator. e detailed
derivation of this relation can be found in appendix B. For the simple case of an in-plane
mode of a plate which has a delimited excitation electrode with constant eld elsewhere, the
electromechanical coupling factor can be optimized by considering the distribution of the
out-of-plane strain S3.
4.5 Experimental verication
In order to verify the relationship developed for the optimization of the eective coupling
factor, it is proposed to observe the inuence of dierent electrodes paerns on resonance
properties.
4.5.1 Geometry and mode selection
(a)Modal shape.
E6
E8
E3
E2
E5
E7
E4 E1
(b) Electrode disposition.
Figure 4.3: Modal shape and electrode disposition of the sample used for experimen-
tal verication. An in-plane mode with a circular symmetry is excited using various
electrode paerns.
e sample that is used for validation of the model is a piezoelectric disk of 50 mm in
diameter and 0.5 mm in thickness. e material used is a Lead Zirconate Titanate (PZT)
ceramic FerropermPZ26. e top electrode of the sample is paerned as shown in gure 4.3b.
e 8 electrodes allow for 255 dierent paerns to be tested and confronted to the model.
Each electrode has an associated number and each electrode conguration corresponds to a
8 bit number, each bit corresponding to one electrode (see table 4.1).
Table 4.1: Example of an electrode configuration designation.
Conguration number Binary representation E8 E7 E6 E5 E4 E3 E2 E1
100 1100100 On On O O On O O O
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Figure 4.4: Four degenerating non-rotational invariant in-plane modes with the same
modal shape. An innity of modes with this same mode shape exist by rotation along
the disc axis.
To simplify the theoretical calculation of k2eff , a mode with a rotational invariance is
chosen. is mode corresponds to the rst radial mode of the disk. COMSOL nite ele-
ment modal analysis shows it can be found at 44195 Hz with the modal shape in gure
4.3a. Choosing a mode with a rotational invariance simplify k2eff computation for an ar-
bitrary set of electrodes. Due to the circular symmetry of the disk, there exists an innity
of degenerating modes at the same frequency with the same mode shape. If modes are not
rotational invariant (e.g gure 4.4), the electromechanical coupling factor of an electrode set
will change for each degenerating mode. Although it is possible to compute theoretically
the k2eff for one mode, experimentally, there is no guarantee that it will be the excited mode
as the degenerating mode with the best k2eff will be excited. is phenomenon implies to
nd, by rotating the electrode set, the angle that gives the best k2eff in order to compare
experimental and theoretical data. Choosing a mode with rotational invariance makes the
problem simpler since each rotation of the electrode results in exactly the same k2eff .
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Figure 4.5: Strain S3 distribution of the rst radial mode of a piezoelectric disk as a
function of the radius from the center of the disk.
e theoretical coupling eciency for dierent sets of electrodes can be evaluated for
each paern using equation (4.42) and modal strain S3 represented in the gure 4.5. Figure
4.6 shows that, although the shape of the mode is simple, it is possible to evaluate a large
range of eective coupling factors with the same electrode area.
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Figure 4.6: eoretical total strain squared density versus electrode area for all possible
electrode paerns.
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Figure 4.7: Experimental setup for admiance measurement. A frequency sweep is
generated and amplied before being sent to the sample. A set of switches is used to
select which electrodes are excited. Current is measured using a shunt resistor.
4.5.2 Experimental set-up
A scheme of the setup used to measure the resonance characteristics of the piezoelectric
disk is represented in gure 4.7. An arbitrary function generator Tektronix AFG3021B is
used to generate a frequency sweep (chirp signal between 10 and 120 kHz). is signal
is amplied and sent through a series of switches that allow for connecting or grounding
the paerned electrodes. Intensity measurement is performed using a shunt resistor. Both
voltage and intensity aremeasured through a National Instrument PCI-6251 acquisition card.
Admiance data are computed from raw voltage and intensity signals acquired at a 600
kHz sampling frequency. A fast Fourier transform is performed in Labview to obtain the
frequency response of the system. ese data are analyzed using a Buerworth van Dyke
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(BVD) model computed with Matlab in order to obtain properties of the resonance. It is
possible to evaluate k2eff from the admiance model using the relation:
k2eff =
1
1 + C0
C1
(4.43)
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Figure 4.8: Fit of experimental data. e radial mode response is observed at 5V for the
electrode conguration 1.
4.5.3 Experimental measurements
e paerns are tested through the set of switches. All non used electrodes are connected to
the boom electrode in order to have a zero electric eld in passive areas of the piezoelec-
tric element. An example of an obtained admiance curve is shown in gure 4.8. From the
Buerworth van Dyke model t, k2eff is evaluated and compared to the analytical predic-
tions. e gure 4.9 shows the correlation. A linear relationship is found, hence validating
the semi-analytical model proposed for electromechanical coupling factor computation of a
given electrodes set.
4.5.4 Inuence of electrode pattern on quality factor
In theory, it is predicted that the quality factor is not inuenced by the electrode paern if
the piezoelement has an imposed electric eld boundary condition everywhere. e exper-
imental measurements show that there is a dispersion of the quality factor as a function of
the excited electrodes. For this comparison, quality factor is computed from the BVD model
using the equation (4.24).
Figure 4.10a shows the evolution of the quality factor as a function of k2eff . e quality
factor clearly changes as a function of the excited electrode paern. Although the correlation
is not very clear, it can be noted that there is a decrease inQm as k
2
eff increases. Since several
dierent values ofQm can be found for a single k
2
eff , no direct correlation can be established.
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Figure 4.9: Experimental electromechanical coupling factor vs computed
(´
S3
)2
den-
sity. e result shows a linear correlation validating the development proposed earlier.
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Figure 4.10: ality factorQm as a function of excitation parameters for constant volt-
age harmonic excitation.
Figure 4.10b shows the relation between dynamic capacitance C1 of the equivalent model
and quality factor Qm. C1 is a parameter that depends on excitation eciency k
2
eff and
electrode capacitanceC0. A clear relation betweenC1 andQm is observed with a diminution
of quality factor as dynamic capacitance increases. A hypothesis that can be considered is
non-linear damping. It has been shown (Uchino and Hirose [86], Tashiro et al. [87]) that the
damping tan δm can be inuenced by the vibration velocity and therefore the mechanical
energy stored in the material. Supposing that Qm is constant when mechanical energy is
constant it would be possible to keep a constant Qm by maintaining a constant C1U
2. It is
proposed to test this hypothesis by modulating the excitation voltage as a function of the
dynamic capacitance C1.
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2.
e gure suggests a non-linear damping
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Figure 4.11: Resonator properties comparison for a constantC1U
2 factor and a constant
excitation voltage U .
Figure 4.11a shows the result of this experiment. When modulating the excitation volt-
age in order to have a constant C1U
2, the quality factorQm is more uniform with a standard
deviation reduced from 22 % to 9%. Variations are still present and experiment suggests a
dependance on C1U rather than C1U
2. is is consistent with a non-linear damping which
is not proportional to the mechanical energy. Although no further investigations were car-
ried on, this phenomenon does not aect the theoretical propositions made earlier about
independence of quality factor from electrode paern since the relation observed is clearly
associated with the excitation amplitude. In addition, it can be noted in gure 4.11b that the
electromechanical coupling factor k2eff is not aected by the change in the voltage as unitary
slope is observed between k2eff from both experiments.
4.6 Optimization of the actuator
4.6.1 Electrodes for longitudinal-bending actuators
In the case of a two modes standing wave actuator, several choices can be made to excite
the actuator modes. A rst solution is to use two sets of electrodes that both excite the two
vibrations modes. A second solution is to use two independent sets that are each used to
drive one mode of vibration. e rst method uses the fact that the modes do not have the
same symmetry, it is therefore possible to excite them using one signal that is composed of a
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symmetric component and an anti-symmetric component. Zhang et al. [3] proposed such a
method. ey chose two sets of two coupled electrodes, both sets received dierent signals:
V1 = VLe
iωt + VBe
iφeiωt (4.44)
V2 = VLe
iωt − VBeiφeiωt (4.45)
Where VB and VL are the excitation voltage of both modes, ω is the excitation frequency
and φ the phase shi between the signals. e corresponding electrode paern is shown
on the le side of gure 4.12. In the case where an electrode optimization is wanted, this
method is not advantageous, because the sets of electrodes have to be optimized for both
modes at a time. Still, this method could be proven useful for paern with large common
strain areas. Another advantage is the possibility to use a common ground on the other side
of the actuator.
Figure 4.12: Modal shapes and possible electrodes conguration for a longitudinal-
bending actuator. e rst electrode conguration is composed of two sets of electrodes
that both excite the two modes of the structure. e second conguration is composed
of two sets of independent electrodes that each excite one mode of the structure.
e second method uses two dierent sets which are each dedicated to the excitation of
one mode as shown on the right of gure 4.12. e advantage of such a conguration is that
each electrode geometry can be adapted to the mode it excites. As seen in gure 4.12, the
sign of the bending signal is not the same on each electrode. at does not mean that a third
signal is needed, two solutions can be used: the piezoelectric poling direction can be locally
changed or the eld direction can be inverted by connecting the signal on the other side of the
actuator using the same electrode paern. is last method does not allow to use the other
electrode as a common ground. For the actuator developed in this work, a two independent
set is chosen since it simplies the optimization of each mode excitation. Nevertheless, the
method presented is general and could be adapted to the rst type of excitation electrodes.
4.6.2 Single mode optimization
It is interesting to study single mode excitation optimization to beer understand the cri-
teria for electrodes optimization and how they may apply to a two modes excitation. e
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optimized geometry is the 15mm inner and 25mm outer radius actuator proposed in the pre-
vious chapters. Figure 4.13 represents S3 modal strain paerns for longitudinal and bending
modes that are used for actuation. ese out-of-plane strains are used to nd the eective
coupling factor for longitudinal (k2L) and bending mode (k
2
B) for any electrode paern.
(a) Longitudinal mode - L1 (b) Second bending mode
- B2
Figure 4.13: S3 strain distribution for the considered actuator modes. Red areas cor-
respond to large positive strain, green areas to near zero strain and blue areas to large
negative strain.
Relationship between k2eff and
(
´
Ve
S3dV )
2
Ae
e rst step of the optimization principle is the realization of several nite element har-
monic simulations with dierent electrodes paerns in order to nd the relation between
(
´
Ve
S3dV )
2
Ae
and k2eff . Although it is not strictly necessary to know the absolute value of k
2
eff
for a single mode optimization process since a relative comparison of
(
´
Ve
S3dV )
2
Ae
values is
enough, it will be useful for the next steps of the electrode design.
Figure 4.14: Parametric electrode paern. e paern is dened via three parameters,
inner electrode radius Rie, outer electrode radius Roe and angle θe.
e parametric electrode conguration used is shown in gure 4.14. It is similar to pat-
terns found in the literature for rectangular actuators (Takano et al. [28]). Several dierent
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electrode paern responses are obtained using harmonic nite element analysis. e equiv-
alent Buerworth Van Dyke model is applied to the obtained electric responses and allow
to nd the electromechanical coupling factor for the dierent electrode paerns. e values
are compared to
(
´
Ve
S3dV )
2
Ae
for each paern and the linear relations shown in gure 4.15 are
obtained. e electromechanical coupling factor for each mode can then be computed using
the relations:

k
2
L = 3.02
(
´
Ve
SL
3
dV )
2
Ae
k2B = 7.82
(
´
Ve
SB
3
dV )
2
Ae
(4.46)
Using these relations, it is possible to evaluate k2eff for any electrode conguration based
solely on modal analysis strain results and without requiring an harmonic analysis.
(a) B2 mode (b) L1 mode
Figure 4.15: Relation between the total strain squared density
(
´
Ve
S3dV )
2
Ae
and the elec-
tromechanical coupling factor k2eff for the two considered modes. is relation allows to
nd k2eff for any electrode conguration without requiring an harmonic analysis since
(
´
Ve
S3dV )
2
Ae
is computed based on modal strain.
Optimization results
It is possible to compute k2eff for a large number of parametric paerns using variations
of Rie, Roe and θe. Several dierent values of keff are found for a single electrode area
indicating that the shape of the electrode is as important as its size. Figure 4.16 represents
the maximum coupling factor that is observed for a given electrode area using parametric
paerns. It can be observed that for each mode, there is an optimal area where the excitation
eciency is maximum. For the longitudinal mode, the optimal electrode covers 88.4 % of the
total actuator area (125 mm2 for a total electrode area of 141.4mm2). e bending mode
has an optimal electrode area between 70 and 80 mm2(49.5 % and 56.5% of the total electrode
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(a) Evolution of electromechanical cou-
pling factor of longitudinal mode L1 as a
function of electrode area for parametric
paerns. e parametric paerns k2eff
are computed for a large number of pa-
rameters. e results for the ones with
the best electromechanical factor given
an electrode area are shown in the gure.
(b) Evolution of electromechanical cou-
pling factor of longitudinal modeB2 as a
function of electrode area for parametric
paerns. e parametric paerns k2eff
are computed for a large number of pa-
rameters. e results for the ones with
the best electromechanical factor given
an electrode area are shown in the gure.
Figure 4.16: Best electromechanical coupling factor as a function of area using para-
metric electrodes. Both longitudinal and bending mode presents an optimal electrome-
chanical coupling factor.
area). e two resulting optimal electrode paerns cover each other and cannot be optimized
at the same time for a two modes excitation problem.
4.6.3 Two mode optimization problem
e denition of the actuator eciency developed in equation (4.38) is not valid in the
case of a two modes excitation. With two dierent sets of electrodes for modes a and b, the
dynamic branch energies can be expressed as:
2Ead = U
2
aQ
2
maC
a
1 (4.47)
2Ebd = U
2
bQ
2
mbC
b
1 (4.48)
And dielectric losses are:
Eloss = π tan δ
′(C0aU2a + C0bU
2
b ) (4.49)
Eloss = π tan δ
′(
2Ead
Q2ma
1− ka
ka
+
2Ebd
Q2mb
1− kb
kb
) (4.50)
So that the eciency becomes:
114
4.6. OPTIMIZATION OF THE ACTUATOR
Γ =
U2aQ
2
maC
a
1 + U
2
bQ
2
mbC
b
1
2π tan δ′(C0aU2a + C0bU
2
b )
(4.51)
In the case of a two electrodes design, the dierent losses of the two vibration modes
have to be considered. Moreover, although it is shown in section 3 that the twomodes should
have similar amplitude for best output power of the actuator. e contact model does not
take into account the energy cost to increase one mode amplitude over the other. erefore,
a complete model of the actuator should be used for proper electrode optimization. From
equation (4.50), the minimization of the loss and the optimization of ka and kb will depend
mostly on the expected energies in both modes and therefore the expected mode amplitudes.
Two major cases can be considered:
• Maximum ka and kb can be obtained at the same time. e electrode denition is easily
set since it corresponds to the electrodes for best k2eff on both modes. e two optimal
electrodes should not be overlapping and high dierences in modal strain are therefore
required.
• ka and kb are not independent and for example an increase in kb leads to a decrease
in ka. In this case, the problem is more complicated and depends on the expected
converted and stored energy in each mode and their inuence on the total motor e-
ciency.
In our case, the maximum eciency of the longitudinal mode is obtained when the elec-
trode is almost completely covering the actuator. erefore, the creation of electrodes for
the bending mode excitation will always cause a drop in the conversion eciency of the lon-
gitudinal mode. erefore, a compromise based on a full motor description has to be found
between the longitudinal mode and bending mode electrodes.
4.6.4 Relation between mode amplitude and equivalent circuit
parameters
A relation exists between the dynamic energy branch and the mode displacement ampli-
tude, and it is possible to use equivalent circuit parameters to compute the amplitude of the
displacement at the edge of the actuator. A nite element analysis is performed on various
parametric electrodes paerns, damping factors and voltages so that the dependance be-
tween 2Ed = C1Q
2
mU
2 and mode amplitude is veried. Mode amplitude is computed based
on the normalized mode shapes obtained from modal analysis that are used in the chapter 3.
Figure 4.17 shows the relationship between mode amplitude and dynamic branch energy for
both modes. It can be observed that the amplitude is proportional to the square root of the
energy. is conrms that the dynamic branch energy Ed is analogous to the mechanical
energy Em, since mechanical energy depends on the square of the displacement amplitude.
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(a) Longitudinal mode amplitude as a
function of the dynamic branch energy.
(b) Bending mode amplitude as a func-
tion of the dynamic branch energy.
Figure 4.17: Mode amplitudes as a function of dynamic branch energies for both lon-
gitudinal and bending modes. ese results are obtained using multiple nite element
harmonic simulations. Several voltages and damping factors are used along with multi-
ple electrode paerns. e displacement amplitude is computed from normalized modes
shapes.
ese two results are useful and have the potential to derive amplitude of displacement
for any electrode paern and any damping of the material. Coupled with the contact model
analysis proposed earlier, they allow to obtain an estimation of the total eciency of the
actuator. e eciency of the motor is dened as:
η =
Pm
PB2elec + P
L1
elec
=
Pm
U2B2
(
ωCB20 tan δe +
1
R
B2
1
)
+ U2L1
(
ωCL10 tan δe +
1
R
L1
1
) (4.52)
e resistor from dynamic branch is obtained from:
C1 =
k2
1− k2C0 (4.53)
L1 =
1
(2π)2C1f 2s
=
1
(2π)2f 2s
1− k2
k2C0
(4.54)
R1 =
1
Qm
√
L1
C1
(4.55)
R1 =
1− k2
2πQmfsk2C0
(4.56)
Using these relations it is possible to obtain a full description of the actuator admiance
response. For power supply convenience, both modes are usually driven with the same
voltage so that we consider U2B2 = U
2
L1
= U2. Dielectric loss tangent angle is given by the
material properties (tan(δe) = 3× 10−3 for Ferroperm Pz26). Combining all these results, it
is possible to estimate the eciency of the resulting motor and nd the appropriate electrode
paern for mode excitation.
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4.6.5 Ultrasonic motor complete modeling
Figure 4.18: Motor parameters for full motor modeling. e motor is based on a Ri =
15mm, Ro = 25mm actuator with a 1mm thickness epoxy layer. A 1N preloading force
is applied between the rotor and the contact layer. e actuator is paerned with a
parametric electrode paern. Rie is set to 18mm and Roe is set to 20.5mm. e angle
θe is changed for electrode area variations. e electrodes are excited with the same
voltage amplitude, according to the strain paern of the considered modes. e two
modes excitations have a phase shi of 90°.
A parametric paern similar to gure 4.14 is proposed for electrodes optimization using
a complete ultrasonic motor model. Rie is set to 18mm and Roe to 20.5mm in order to cov-
ers the maximum strain areas of bending mode. Electrode area is changed using angle θe.
e equivalent circuit parameters are obtained using the semi-analytical method developed
earlier. ality factors are computed from nite element analysis assuming an isotropic loss
factor tan(δm) = 3× 10−3. e obtained values are QmB2 = 293 and QmL1 = 117.
As shown in gure 4.18, the motor uses a 1mm epoxy contact layer with similar proper-
ties as in chapter 3. A preloading force of 1N is applied between the rotor and the contact
layer. e electrodes are excited with the same voltage amplitude U , the phase of the elec-
trode excitation is adapted depending on the strain distribution of the considered mode. A
phase shi of 90° is applied between both modes excitation and the modes are assumed to be
at the same resonance frequency. Using the method described in the previous section, the
amplitude at the edge of the actuator can be derived as a function of voltage. is amplitude
is used in the contact model to obtain the motor output characteristics.
Figure 4.19a shows the output mechanical power of the motor as a function of bending
mode area and voltage. It can be observed that as voltage is increased, the output power
is increased. An optimal electrode area for maximum output power exists, it represents a
compromise between longitudinal mode excitation and bending mode excitation. In gure
4.19b, the optimal bendingmode electrode formaximumoutput power is shown as a function
of the input voltage. Slight variations between 53.5mm2 and 67mm2 are observed with an
117
CHAPTER 4. ELECTRODES PATTERN: ELECTRICAL ENERGY TO MECHANICAL
ENERGY CONVERSION
average optimal electrode area of 61.9mm2. A maximum output power of 68 mW is observed
for the maximum considered voltage of 20V and with an electrode area of 64.6 mm2.
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(b)Optimal bending mode electrode area
for maximum output power as a function
of the excitation voltage. e optimal
electrode area shows slight variations as
the excitation voltage is changed. An av-
erage value of 61.9 mm2 is obtained for
bending mode electrode area.
Figure 4.19: Electrode area optimization for maximum output power.
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(b) Optimal electrode area for maximum
actuator eciency as a function of exci-
tation voltage. An average optimal elec-
trode area of 67.3mm2is observed.
Figure 4.20: Electrode area optimization for maximum motor eciency.
Figure 4.20a shows the evolution of motor eciency as a function of bending mode elec-
trode area and excitation voltage. Similarly to power, an optimal electrode value can be
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observed for which motor eciency is maximal. e eciency decreases quickly as the ex-
citation voltage is increased. A maximum eciency of 23.2% is reached at the minimum
excitation voltage of 1V and an electrode area of 69.9mm2. It decreases to 3.5% at an ex-
citation voltage of 15 V. is important drop is aributed to a limited increased of output
mechanical power due to a saturation eect on torque. e eciency can be improved by
an increase of the preloading force. e optimal electrode area for maximum eciency is
represented as a function of input voltage in gure 4.20b. Variations of the optimal values
are observed as excitation voltage is changed and an optimal average value of 67.3mm2 is
observed. e optimal electrode area for maximum eciency is dierent from the one for
maximum power. Eciency computation takes into account the gain in output power as
compared to the increase in electrical input power, this ratio depends on mechanical losses
of both vibration modes what explains the dierence in optimal electrode area.
4.7 Summary of the ultrasonic motor modeling method
Figure 4.21: Summary of the proposed ultrasonic modeling method.
In the last three chapters a complete method for ultrasonic motor design and modeling
is proposed. Figure 4.21 summarizes the three important steps of the developed method:
• First, in chapter 2, the mechanical resonant structure is proposed. A parametric geom-
etry is dened and simulated using modal analysis. e eect of geometric parameters
is studied and vibration modes are chosen. e nal geometry for the proposed actu-
ator is a 25mm outer radius, 15mm inner radius piece of a ring with a portion angle of
40.5°. Modal analysis allows to study disturbances such as soldering points that aect
mode degeneration.
• In chapter 3, using the computed modes shapes and frequencies, the output properties
of the actuator are discussed as a function of the various parameters that inuence
contact model. Contact layer properties are discussed along with eect of modes am-
plitudes and preloading force. e inuence of mode non-degeneration, that can be
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caused by the disturbances described in chapter 2, is found to be prejudicial to motor
operation.
• In chapter 4, a semi-analytic method for computing electrodes properties is proposed.
Analytical considerations are combinedwith harmonic nite elementmethod to obtain
modes amplitudes as a function of the input power and the electrode design. Associ-
ation of these results with contact analysis allows to obtain a complete description of
the motor characteristics from electrical input power to motor output power.
A complete modeling of the ultrasonic motor is obtained. It can be used to tune the dierent
parameters to obtain the required motor characteristics. Nevertheless, it suers from some
limitations that are mainly associated with the diculty to predict the damping of the ac-
tuator that depends on numerous parameters such as the holding mechanism, the electrical
contacts or the preloading force. erefore, a full optimization of the ultrasonic motor is
not possible unless we have a precise knowledge of the damping of the actuator. Ideally, the
nal electrode optimization should be performed aer a rst experimental characterization
of the actuator.
On the other hand, themodel is very versatile and can be applied to numerous geometries
of actuator. emodal and contact properties can be optimizedwithout requiring knowledge
about the damping properties of the actuator. Also, the model is easily applied for compar-
ison with experimental data. Qm and C1 can be measured using admiance measurements
and the equivalent Buerworth Van Dyke model. From these measurements, the amplitude
of the modes can be estimated and applied to the contact model so that expected output
power of the motor can be compared to the experimental results.
4.8 Conclusion
In this chapter a model for electrical to mechanical energy conversion is proposed. It shows
that the eciency of a harmonic excitation depends mainly on two parameters: e eective
electromechanical coupling k2eff and the quality factor Qm of the resonance. Although Qm
is not signicantly aected by the electrodes arrangement, k2eff strongly depends on the
shape and size of the electrodes. A semi-analytical method for the computation of k2eff is
proposed and veried through experiments. It allows computing the admiance properties
of any electrode set given the quality factor and the resonance frequency of the mechanical
structure. Although simulation shows that an optimal electrode paern exists for a single-
mode excitation, it is dicult to apply to a two modes excitation since optimal electrodes
overlap. A full model of an ultrasonic motor is therefore used for electrode optimization.
A relation between electrode admiance properties and amplitude of the excited mode is
determined using nite element harmonic analysis. From this result, it is possible, using
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contact model in chapter 3, to derive the actuator output power and eciency as a function
of voltage and electrodes area. emodel shows that it is possible to nd an optimal electrode
area for maximum output power or maximum eciency of the actuator. e optimization
process depends on numerous parameters that are dicult to obtain through simulation. In
particular, the quality factor of the resonance depends on numerous factors such as internal
damping, holding mechanism or electrical contacts interactions.
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5.1 Introduction
is chapter presents the experimental studies of a prototype actuator. e goal is to verify
the actuator concept introduced in the previous chapters in an ultrasonic motor. Experimen-
tal results are compared to the model of the actuator and used to provide general rules for
the design of the actuator. e chapter is divided into several sections:
• e rst one introduces the actuator and holding structure fabrication.
• e second one presents the experimental setup and procedure.
• e following sections discuss the response of the actuator as a function of dierent
parameters such as voltage, phase shi, preloading force and contact length.
• Finally, insights about the control required for the actuator are proposed especially in
terms of resonance tracking.
5.2 Actuator implementation
5.2.1 Actuator fabrication
Actuators are engraved and cut using picoseconds laser technology (See gure 5.1). is
technology allows for fast and precise cuing and engraving of the piezoelectric material
using short pulses that limit heat generation. However, one drawback is the divergence of
the laser beam that causes a slight angle in the thickness. Although it is not problematic for
the 10µm thick electrodes, it can cause tolerance problems on 0.5mm cut features.
e divergence angle is measured on gure 5.1b. It is in the range of 12° and causes an
uncertainty of 0.1mm on the length of 0.5mm cut features. is tolerance can aect mode
degeneracy which is dependent on portion angle of the actuator. Assuming a portion angle
at half thickness of 40.5° is required, the target cuing angle should be 40.8° to take into
account the divergence angle. In addition, soldering is expected to aect mode degeneration.
Solder points positioned on bending electrodes cause at least 400 Hz frequency dierence
between the two modes, with B2 mode below L1 mode (see section 2.4). e contact layer
aects similarly mode degeneration with a shi of the bending mode below the longitudinal
mode. One solution to anticipate this eect is to modify the angle of the actuator so as to
have bending mode above longitudinal mode before electrical contact and friction layer are
deposited. e two modes are unlikely to be found at the same frequency and a tuning step
similar to the one described in section 2.4.4 is required. Because of the electrodes position,
the tuning process is simplied for an actuator with a bending mode above longitudinal
mode (see gure 2.19c on page 63).
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(a) Cut actuator with engraved electrode
paern using picoseconds laser technol-
ogy.
(b) Angle due to laser divergence. e
angle is estimated to 12°. Manufacturing
tolerance is estimated to 0.1mm due to
this problem.
Figure 5.1: A picture of the laser-cut actuator. e actuator is cut using picoseconds
laser technology that limits heat generation in the piezoelectric element while providing
precise electrode engraving and material cuing.
An actuator with its bending mode 600Hz above longitudinal mode when it is completely
free of masses is estimated to be adapted. Around portion angle for mode degeneracy, the
sensitivity of frequency with respect to θ is -1.168 kHz/° forB2 mode and -2.209 kHz/° for L1
mode. One added degree to θ causes the actuator to have the bending mode 1.041 kHz above
the longitudinal mode. erefore, added masses and margin for actuator tuning requires
the portion angle to be 0.6/1.041=0.58° larger than predicted. Considering the laser beam
tolerance and added masses, the nal target angle of the actuator is 41.4°.
e electrode paern used in this chapter is a square electrode paernwith aB2 electrode
area of 67mm2 and a L1 electrode area of 77mm
2 (paern is similar to gure 4.14 withRie =
18mm and Roe = 20.5mm).
5.2.2 Holding mechanism
e actuator has to be held and connected while still being able to vibrate with minimal loss
due to the friction against the support. Holding the actuator correctly is a critical problem
in order to ensure good quality factor and stability of the motor. e actuator should not
be aected by the force it generates and it should not be excessively constrained at the risk
of an important damping of the vibration. In literature, various holding mechanisms have
been used. One method consists of using springs or so materials as means to hold the actu-
ator. Shi and Zhao [69] use silicon rubber to ensure actuator xation while Chen et al. [88]
use a spring-based xation. ese methods are easily implemented on large scale systems
but may be dicult to apply when actuators are scaled down because of small mechanical
parts. Numerous examples are found where one or a few points are used for constraining
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(a) First longi-
tudinal mode.
(b) Second
bending mode.
Figure 5.2: Modal shapes of the twomodes. Zero displacement points (nodes) are shown
as red dots.
the actuator (Shen and Huang [6], Funakubo and Tomikawa [89], Hemsel and Wallaschek
[90]). Fixations are generally placed at nodal points of the actuator resonant modes what
cause minimal damping of the vibration. However, holding the actuator using only a few
points is a delicate procedure that may result in some actuator movement and change the
actuator properties. Other examples such as the resonant holding mechanism proposed by
Yun et al. [91] oer great performance at the expense of miniaturization and implementation
simplicity.
In our case, because of the size of the actuator, the most appropriate clamping technique
is a point clamping mechanism with ideally, the nodal points (points of minimal modal dis-
placement) xed. In gure 5.2, the modal shapes of the two modes used are presented. eir
nodal points are located as red dots. ree nodal points are present on the B2 mode and one
on the L1 mode. e only common zero displacement point for both modes is the center of
gravity of the actuator. Two actuators support have been tested.
erst design (gure 5.3a) uses three contact pointswith two of them atminimumbend-
ing displacement. A spring is machined into the support to oer a constant force boundary
condition that limits damping of the longitudinal mode. is spring pushes the actuator
against two contact points on the edges of the actuator. is design constrains well the actu-
ator in the plane, however it is dicult to constrain the out-of-plane displacement without
tightening the actuator at the points of contact (what damps the longitudinal vibration). e
second holding mechanism that is investigated uses a central xation point to avoid out-of-
plane displacement. e three others contact points are maintained with a housing larger
than the actuator so that the contact points only prevent the actuator from rotating, without
applying important stresses on the actuator (gure 5.3b).
e two holding mechanisms are compared by measuring resonance characteristics. Ad-
miance measurements of the unloaded actuator at 4Vpp are performed to obtain quality
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(a) Design 1. (b) Design 2.
Figure 5.3: Two dierent possible holding mechanisms. e rst one is based on an
elastic xation where three points of contact corresponding to minimal bending mode
displacement are used. e second one is based on a clamping of the center of gravity
of the actuator and three support points.
Design 1 Design 2
QmL1 120.17 353.73
QmB2 413.35 596.05
Table 5.1: Q_uality factor for both modes as a function of the holding mechanism used.
Measurements are performed on the same actuator mounted in a different support. A
support based on a fixation of the center node of the actuator shows much less damped
vibrations.
factors Qm. Results are shown in table 5.1. e use of the three points holding mechanism
causes a drop of 31 % of the bending mode quality factor as compared to the centered one
point xation. Longitudinal mode is more aected with a drop of 66% of the quality factor
when using three holding points. e centered xation mechanism is the one used in the
remaining of the experimental work due to the beer obtained performance.
e holding mechanisms are milled into printed circuit board material so that it is possi-
ble to use the copper part for electrical connections between the electrodes. is is especially
useful for bending mode excitation since there are four electrodes on each side that have to
be in phase opposition.
5.2.3 Contact wires
Electrical connections are achieved using soldered wires. ey introduce mechanical con-
straints and increase the mechanical losses at resonance. ere is a tradeo between wire di-
ameter for current conduction and reduced damping. Measurements performed on the same
actuator and with two sets of wires, one with a 0.24mm diameter and one with a 0.14mm di-
ameter, show that wire diameter has an important inuence on the damping of the actuator.
Table 5.2 shows the changes in quality factor at low excitation amplitude (4Vpp). e quality
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 0.24mm  0.14mm
QmL1 50.21 321.11
QmB2 36.52 331.01
Table 5.2: Comparison of qality factors with respect to wire diameter. Measurements
are performed on the same actuator. A large damping effect is caused by an increase in
wire diameter.
factor drops signicantly on both modes when the 0.24mmwires are used with a decrease of
84% ofQmL1 and 89% ofQmB2 . Wires with a 0.14mm diameter are therefore used for actuator
fabrication.
5.2.4 Contact layer deposition
(a)Machining process. (b) Example of a deposited andmachined layer
of 0.43±0.03mm.
Figure 5.4: Contact layer deposition process. A thick raw layer is molded onto the
actuator. Excess of material on the actuator faces is removed using a sharp blade. e
layer is then machined to the necessary thickness using sandpaper placed on a dummy
rotor.
A contact layer is deposited onto the actuator to avoid damage and optimize the contact
surface. Dierent materials are discussed in section 3.2.3. Although it has a low stiness that
implies limited performance of the actuator, epoxy is chosen as the contact material. It has
the advantage to be easily deposited and is an appropriate matrix material for composites
used in ultrasonic motors (Zhao [71, page 62]). A raw layer is deposited onto the actuator
using a Delrin mold. Any excess of material is removed using a sharp blade. A thick layer
is rst deposited and then adjusted using a dummy rotor covered with sandpaper to obtain
the desired thickness (see gure 5.4). e viscosity of the resin aects the properties of
the actuator. e phenomenon is represented in gure 5.5, where, aer 12H, the resonance
frequencies are shied up and damping is reduced indicating a drying eect that aects
stiness and damping of the layer.
e resin used is a 3M DP110 adhesive epoxy. A friction coecient of 0.218 is measured
between the resin and aluminum. Epoxy resin have various Young’s modulus with a typical
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(a) Bending Mode response.
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(b) Longitudinal mode response.
Figure 5.5: Drying eect on the contact layer. As the epoxy resin dries, mode frequen-
cies are shied up with a narrower peak (especially for longitudinal mode) indicating a
stier and less viscous layer.
range of 2 to 20 GPa. To apply the contact model, it is important to have a good estimation
of the resin properties. Data about this specic epoxy material are hardly found in litera-
ture. One reference (Hildebrand and Vessonen [92]) indicates a tensile modulus of 1470 MPa
well below the data used for modeling in chapter 4 (10 GPa). is new value is used for
comparison with the model.
5.3 Experimental set-up
5.3.1 Mechanical set-up
Figure 5.6: Mechanical set-up used for actuator characterization. e actuator is placed
on an elastic suspension allowing to compensate for rotor irregularities and experiment
at constant force. e rotor is positioned using a 3-Dmicro-metric platform. Force sensor
is used for both actuator positioning and preloading force measurement.
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Figure 5.6 represents the mechanical set-up used for the actuator characterization. e
rotor is positioned against the actuator using a 3-D micropositionning platform. e ac-
tuator itself is held in a support which is mounted on a guiding system associated with a
spring suspension. e objective is to observe the characteristics of the actuator at constant
preloading force. e springs allow for the compensation of geometric irregularities of the
rotor (e.g: diameter, coaxiality) without a large increase in the preloading force. e sha
used for characterization is made of aluminum. Its moment of inertia is 4499.84 g.mm2. e
static friction torque of the rotor in its guidance mechanism is 0.11 mN.m.
An ATI nano171 force sensor is placed below the suspension for the measurement of
forces in all directions. It is primarily used to measure normal force although it can be used
to evaluate the torque in a static or quasi-static manipulation. e force sensor is used for
positioning the rotor against the actuator. e moment about the axis of the rotor has to be
zero at rest if the rotor is well placed against the actuator. e position is measured using
a 500 steps Avago HEDS-5500 encoder. e encoder is used in quadrature X4 mode, which
means it produces 2000 counts per turns leading to an angular resolution of 3.14mrad (0.18°).
A spherical motor has been validated (gure 5.7a). Nevertheless the measurement of
forces and displacement of a spherical rotor are complicated and the single degree-of-freedom
motor using a cylindrical rotor is beer suited for the actuator characterization (gure 5.7b).
5.3.2 Measurement set-up
emeasurement set-up used for characterization is shown in gure 5.8. A Labview interface
controls two function generators (Tektronik AFG3021B) via USB. e two signals generated
are synchronized and fed to an amplier unit (Elbatech T-503) which uses high-power oper-
ational ampliers to drive the actuator. e two output voltages are measured using voltage
dividers that are directly connected to the analog input of a National Instrument PCI-6251
acquisition card. e currents sent to the actuator are measured using 10 Ω shunt resistors.
A low-pass lter is observed between the voltage divider and input capacitance of the
card and a calibration is required to obtain correct voltage and current measurement. It is
performed using an admiance measurement of a known impedance (typically a 50 Ω 0.1%
resistor). A comparison of non-calibrated and calibrated measurements of a 1.5 mH inductor
are shown in gure 5.9. e non-calibratedmeasurements showgood characteristics in terms
of gain, with the inductance only slightly over-evaluated. e main problem is the phase
term which diverges from the inductor model prediction. is eect is largely compensated
using a calibration. Incremental Encoder is read using a specic counter input of the NI Card
and 6 analog inputs of the 6251 card are used to obtain forces readings.
1hp://www.ati-ia.com/
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15mm
(a) Spherical motor assembly.
15mm
(b) Single degree-of-freedom assembly used for actuator
characterization.
Figure 5.7: Validated ultrasonic motor prototypes. A single degree-of-freedom actuator
using a spherical rotor has been validated. A cylindrical rotor is used for characterization
allowing for a simplied measurement of the actuator characteristics.
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Figure 5.8: Measurement set-up for actuator characterization. A Labview interface is
used for control of the instruments and acquisition of the data. Two arbitrary function
generators are synchronized to generate the signals for both modes excitations. A high
voltage amplier is used to drive the actuator while a National Instrument acquisition
card allows to acquire electrical and mechanical data from the experiment.
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(a) Gain without calibration.
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(b) Gain with calibration.
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Figure 5.9: Impedance measurement of a 1.5mH inductor with and without calibration.
e dashed-doed line represents the inductor model while the solid line is the experi-
mental data.
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5.3.3 Measurement procedure
e measurement procedure is divided into several steps:
• e preloading force is applied using the micro-metric platform and the force sensor.
Rotor is centered using a measurement of the torque exerted along the axis of the rotor
(it should be zero for proper alignment).
• A search of the frequency span where speed of the actuator is maximum is performed
at the excitation voltage. It allows to nd the frequency points where the actuator is
characterized.
• Mechanical characteristics are measured. Five measurements of transient speed and
forces are performed at the found frequencies.
• Electrical characteristics are measured. Input voltage and current are measured. Elec-
trical and mechanical measurements cannot be performed simultaneously because of
the limited sampling frequency of the National Instrument card.
is procedure allows to obtain frequency response of the actuatorwith indications about the
stability of the actuator (thanks to the multiple measurements). Static torque measurements
can be performed using the force sensor but its bandwidth is too limited for dynamic torque
measurements. An approximate method described by Nakamura et al. [52] is used. Transient
speed response is ed with an exponential:
θ˙(t) = θ˙0(1− exp(−t
τ
)) (5.1)
Maximum speed of the actuator θ˙0 is obtained and starting acceleration is estimated from
the t parameters:
θ˙(δt) ≈ θ˙0(1− 1 + δt
τ
) (5.2)
θ¨ =
dθ˙
dt
(0) =
θ˙0
τ
(5.3)
Using inertia of the rotor, the torque can be calculated:
C = Jθ¨ (5.4)
C = J
θ˙0
τ
(5.5)
An example of this procedure is shown in gure 5.10. A good correlation is observed
between the t and the experimental data although speed variations are observed on the
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measurements. ese variations are due to the tolerances of the rotor associated with the
mobility of the actuator in its support. e t gives a good average of the established value
and the correlation of the slope at the start-up of the actuator indicates a good estimation of
the starting acceleration which is proportional to the torque.
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Figure 5.10: Example of a transient speed response of the actuator. e speed variations
are aributed to the rotor eccentricity and cylindrical tolerance that are amplied by the
mobility of the actuator in its support.
5.3.4 Model comparison
To validate the model, a comparison with experimental data is proposed. Model computation
requires to know precisely the equivalent model parameters of the actuator. Damping of
the actuator is dicult to evaluate from modeling because of the interactions between the
actuator, its support and the rotor. erefore, it is proposed to use low voltage experimental
admiance measurements as inputs for the model:
• A low voltage admiance measurement of the actuator is performed. Using a non-
linear regression of the data, the equivalent circuit parameters are obtained.
• C1 and Qm are used to estimate the amplitude of the mode displacement at the edge
of the actuator. e relation between amplitude and dynamic branch energy obtained
from nite element harmonic analysis is used (gure 4.17 on page 116).
• e modes amplitudes are used as input to the contact model and allow to obtain an
estimation of the mechanical output of the motor.
5.4 Voltage dependance
In this section, the inuence of excitation voltage on actuator properties is studied. e
electrical and mechanical responses of the actuator are analyzed. e actuator has a large
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surface in contact with the rotor but the central part of the layer is cut out to improve contact
and limit the inuence of layer uncertainties. e resulting layer length is 7.4mm (3.4 mm
removed).
5.4.1 Admittance response
(a) Longitudinal mode. (b) Bending mode.
Figure 5.11: Evolution of admiance response as a function of the voltage. A displace-
ment of the resonance frequency along with the deformation of the admiance peak
are observed as voltage increases. Maximum admiance point is reduced indicating an
increased damping of the actuator.
Admiance response is greatly aected by the excitation voltage. Figure 5.11 shows the
evolution of admiance response for amplitudes between 4 and 40 Vpp. Results show a
shi of resonance to lower frequencies. A deformation of the resonance peak when ampli-
tude increases is also observed. At low amplitude, admiance changes smoothly and sym-
metrically around resonance frequency. As amplitude increases, the peak is sharper and
non-symmetric (especially for longitudinal mode). Zhao [71, p. 362] described similar phe-
nomena. Parasitic peaks are more visible and maximum admiance drops until it becomes
dicult to distinguish resonance. is last characteristic indicates a drop in quality factor of
the actuator. Although it is dicult to evaluate quality factor from conventional equivalent
model because of the deformation of the response, R1 can be estimated based on maximum
real admiance point. is behavior had already been identied in chapter 5 (section 4.5 on
page 105), where quality factor is found to be dependent on excitation voltage. It is similar
to phenomena described by Uchino and Hirose [86] and aributed to non-linear damping in
the material.
e evolution of resonance frequency and dynamic resistor R1 are shown in gure 5.12.
e two resonance frequencies decrease similarly. is evolution is well approximated by
ane functions. e frequency change is -42.6Hz/Vpp for longitudinalmode and -40.7Hz/Vpp
for bending mode. e non-signicant dierence of 1.9 Hz/Vpp in mode frequency shi does
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(b) Evolution of dynamic resistor R1 as a
function of excitation voltage.
Figure 5.12: Evolution of series resonance frequency and dynamic resistor as a function
of the voltage applied to the electrodes. A drop in resonance frequency is observed as
amplitude is increased on the two modes. is shi is about the same on both modes
and do not aect mode degeneracy.
not aect mode degeneration. e dynamic resistor indicates an increased damping as volt-
age increases. R1 tends to reach a saturation point on bending mode when voltage is high.
e major consequence of this high damping is a possible over-evaluation of the quality
factor used for the model evaluation, since actuators properties are measured at low voltage.
5.4.2 Mechanical response of the actuator
An actuator with a 1 mm contact layer is preloaded with a 1N force and the motor char-
acteristics are measured as a function of voltage. e goal is to analyze the behavior of
the actuator with a change in the voltage and to compare the experimental results with the
model.
Frequency response
Figure 5.13 shows the evolution of speed and torque as a function of frequency and voltage.
e frequency response is dierent from contact model predictions. e model predicts a
symmetric response of the motor around the resonance frequency. e obtained response
is non-symmetric with a sharp speed increase at resonance frequency. is is in accordance
with the admiance response in gure 5.11, that shows a deformation of the maximum ad-
miance peak as voltage is increased. Around the maximum speed point, the behavior of
the actuator is erratic and the actuator stops within a few seconds. is phenomenon is
aributed to a resonance frequency displacement. Heat generation and change in the me-
chanical load of the actuator shi resonance frequencies of the actuator and the sharpness
of the resonance peak may stop motor rotation. Ferreira and Minoi [93] reported a similar
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Figure 5.13: Motor frequency response with respect to excitation voltage. e fre-
quency for which maximum speed is reached decreases as the amplitude increases.
Around resonance frequency a sharp increase of speed is observed. An unstable fre-
quency range is observed before resonance.
unstable behavior in ultrasonic traveling motors which is consistent with our observations.
e starting frequency of the actuator is lower as voltage increases. is result is similar to
the observations made on admiance measurements. As expected, the speed of the motor
increases as voltage increases.
e torque response shows a saturation eect with an almost constant torque for a large
frequency span. As frequency is increased, an abrupt drop in motor torque is observed when
amplitude becomes too low to transmit torque to the rotor. e saturation eect is consistent
with a phenomenon described in chapter 4 (gure 3.10b) with a torque saturation as the
amplitude of displacement is increased.
Torque and speed characteristics
Figure 5.14, shows the evolution of maximum speed and torque as a function of the ampli-
tude. e model is computed from low voltage admiance of the actuator that is used for
mode amplitude calculation. eses amplitudes are used as input in the contact model that
allows to obtain the characteristics of the actuator shown in the gure. In terms of speed,
the model shows the same tendency as the experimental data, the average relative error of
the experimental data as compared to the model is -27 % with a maximum error of -32 % at
high amplitude. Although this error is high, it is still considered a good approximation of
the performance of the actuator considering that numerous parameters and especially am-
plitude at the interface is estimated directly from low amplitude electrical measurements.
Several causes for these dierences can be considered. e increased damping with respect
to amplitude is an important eect that is dicult to take into account in the model and
causes the mode amplitudes to be over-estimated. Finite element approximation assume a
perfectly symmetric system and asymmetries in the mounting of the actuator, contact layer
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Figure 5.14: Motor characteristics with respect to excitation voltage. Torque and speed
increase as voltage increases. ere is a saturation eect in speed which is aributed
to an increased damping of the vibration. e model predicts a quick saturation of the
output torque which is not observed experimentally and is associated to uncertainties
on the contact layer properties and asymmetries of the actuator assembly.
machining and repartition of soldering points may have an inuence on the mode shapes
of the actuator. Experimental data shows an increase of the torque up to 4mN.m as voltage
increases. e model predicts a similar increase with a saturation torque of 3mN.m reached
at 30Vpp. e average error is 11% with a maximum of 37 % at maximum voltage. is
dierence is aributed to asymmetries of the assembly.
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(a) Output power as a function of voltage.
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(b) Eciency as a function of voltage.
Figure 5.15: Power and eciency as a function of the excitation voltage. Power in-
creases as the voltage increases. is evolution is similar to the evolution of the speed
of the actuator. A maximum of 3.4% eciency is reached at 30Vpp.
Figure 5.15 shows the evolution of output power and motor eciency as a function of
voltage. An output power between 5 and 20 mW is measured, which is about the same
138
5.5. PHASE SHIFT INFLUENCE
order of magnitude as what is predicted by the model. A maximum eciency of 3.4% is
measured at 30 Vpp. e model, based on low voltage admiance measurements, predicts
eciencies of the same order of magnitude. Lower values are observed at higher excitation
voltage. ey are due to non-linear damping that cause an overestimation of the quality
factor. e low eciency is explained by several factors. e stiness of the layer is an
important parameter since it is associated with contact phase angle ϕc. Increasing the layer
stiness should result in a diminution of ϕc and an increase in the motor power at constant
input energy. Improvements of the holding mechanism can improve the quality factor of the
modes and reduce the damping of the modes.
5.5 Phase shi inuence
Figure 5.16: Evolution of elliptical trajectories as a function of phase shi. Two orthog-
onal modes are represented in blue and red. As the temporal phase shi tends to zero,
the elliptical trajectory becomes a straight line.
e phase shi between the two excitations has an important role in the performance of
the actuator. As shown in gure 5.16, it aects the shape of the elliptical trajectories and is
used to reverse the direction of the motor. eoretically, the mechanical properties of the ac-
tuator are maximal at phase shis of -90° and 90°, where the two mode displacements cause
the larger elliptical motions. When the two modes are in-phase, the movements at the inter-
face are rectilinear and oblique. Although oblique trajectories can be used to generate rotor
motion such as in asymmetric single-mode excitation, in our case, the symmetric motions
on both sides of the contact area should result in a zero net tangential force and no rotation
of the motor.
5.5.1 Speed and torque
e experiment is performed on an actuator with a 1mm contact layer at a 1N force. Figure
5.17 shows the evolution of speed and torque as a function of the phase shi. It can be
observed that it is possible to change the direction of the rotation of the actuator by changing
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(a) Speed as a function of phase shi.
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(b) Torque as a function of phase shi.
Figure 5.17: Motor properties as a function of the phase shi between the two signals.
e maximum speed points are reached for phase shi values of 90°. e actuator speed
response is slightly asymmetric, with the negative rotation direction 13.6% faster than
the positive one.
the sign of the phase shi and as expected, the closer the phase shi is to 90° the faster the
actuator is. is experiment gives indication about the symmetry of the actuator vibration
modes andwhether a direction of motion is privileged over the other. In our case, the average
dierence in terms of speed from one direction to the other is 13.6%. A maximum of 22.5%
of dierence is observed at a 43° phase shi. is indicates that there exists asymmetries in
the mechanical holding mechanism or contact layer.
e torque response is similar to the speed response with an inversion of torque as the
sign of the phase changes. e asymmetry is more pronounced on torque measurement with
positive torque values 30% higher on average than the negative ones. Maximum torque for
the negative rotation direction is not reached at the highest speed but at 41° of phase shi.
Again, these divergences are aributed to asymmetries.
5.5.2 Power and eciency
As expected, the maximum output power is reached around a 90° phase shi with 20mW for
positive speed and 14mW for negative values conrming the asymmetries discussed previ-
ously. When phase shi is reduced the output power is reduced while the electric power
stays the same. is result in an important drop of eciency around the 0° phase shi with
eciencies below 0.5%. A maximum eciency of around 2.5% is reached at 90° phase shi
with an excitation voltage of 50Vpp. From a control perspective, the phase shi can be used
to change motor speed. However, poor linearity and low eciency at low phase shi are
two important limitations.
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(a) Power as a function of the phase shi.
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(b) Eciency as a function of the phase shi.
Figure 5.18: Output power and eciency of the actuator as a function of the phase
shi between the two signals. Output power is maximal at a 90° phase shi. Eciency
decreases highly as phase shi is reduced.
5.6 Preloading force dependance
e preloading force has a major role on the actuator performance. As explained in chapter
3, increasing the normal force should result in an increased transmied torque and a lower
speed of the rotor. In this section, experimental results of the preloading eect is presented.
Low voltage admiance measurements are analyzed and mechanical characteristics of the
motor are studied with respect to preloading force. Results are compared to the model de-
veloped in the previous chapters.
5.6.1 Eect of preload on resonance characteristics
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(a) Evolution of resonance frequency as a
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Figure 5.19: Evolution of resonance characteristics as a function of preloading force.
e resonance frequency of the actuator increases as preloading force is increased. A
decrease of Qm is observed as the preloading force is increased, this indicates an in-
creased damping of the vibration.
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Resonance characteristics of the actuator are measured at low amplitude using admit-
tance measurement for dierent preloading forces. In gure 5.19a, it can be observed that
the resonance frequency tends to increase as the preloading force increases. Arnold and
Mu¨hlen [94] reported similar eect on pre-stressed piezoelectric transducers. e quality
factor is similar on both modes and tends to decrease as the preloading force increases. A
limit value around 100 is reached above 1.5 N preloading force, indicating that mechanical
damping saturates as preloading force increases.
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Figure 5.20: Evolution of resonance characteristics as a function of preloading force.
Figure 5.20 shows the evolution of the electromechanical coupling factor as a function
of preloading force. keff increases as preloading force increases. e evolution of keff as a
function ofQm is shown in gure 5.20b. A linear relation is observed between quality factor
and coupling eciency. It is similar to the observations made in section 4.5.4 where the
divergences in quality factor Qm are aributed to an energy dependent damping. Here, the
electromechanical coupling factor change is due to the preloading force. One hypothesis for
this change is the pre-stressed condition of the actuator that aect modal strain distribution
and therefore keff .
5.6.2 Preloading force and frequency response of the actuator
e preloading force inuences the frequency response of the actuator. In gure 5.21 the
speed and torque evolution are shown as a function of preloading force. e maximum
speed of the actuator decreases as the preloading force increases. In the same way as for
the amplitude study presented previously, around the resonance frequency, the actuator is
unstable. e speed decreases as frequency increases similarly to what has been observed
in the voltage study. Between 0.6 and 1.4 N the speed to frequency slope is quite similar and
the curves coincide. e frequency where speed reaches its maximal value increases with
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Figure 5.21: Frequency response of the actuator as a function of the preloading force.
As preloading force increases, maximum speed decreases and is reached at higher fre-
quency.
the preloading force. is is consistent with the observations on low voltage admiance
measurements that show an increase in resonance frequency as preloading force is larger.
emaximum torque is shied to higher frequencies as preloading force is increased and
higher torque is observedwith respect to preloading force. e torque decreases signicantly
faster with respect to frequency as preloading force increases. is phenomenon is due to
the saturation torque eect observed with amplitude in contact model. At low preloading
force, this saturation torque is reached quickly and thus increasing the frequency causes a
drop in the amplitude that has no eect on the torque which is already saturated. When
preloading force is increased, this saturation torque is reached for a lower frequency span
and the torque drops quickly with respect to frequency.
5.6.3 Torque and speed as a function of preloading force
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Figure 5.22: Mechanical characteristics of the motor as a function of the preloading
force.
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Figure 5.22 shows the motor speed and torque as a function of preloading force. e
model is also shown for comparison. As observed in the frequency responses, speed tends
to decrease as the preloading force increases, experimental data shows an a average drop of
103 rpm/N at 50Vpp. Prediction from the model shows a speed of about 60 % higher than the
experimental speed, with a drop of 79 rpm per Newton. is dierence is aributed to the
additional damping due to high voltage excitation and increased preloading force that is not
taken into account in the model. ese divergences may be due to other considerations such
as mode shapes and contact material properties that aect this relation and show the limits
of the model. Torque characteristics have similar divergences. Experimental results show a
variation of about 1.76 mN.m/N while model predicts 2.98 mN.m/N. At low preloading force,
the dierence between model and experimental measurements is strong and may be due
to an asymmetry of the actuator that generates a torque similarly to asymmetric excitation
single-mode actuator.
5.6.4 Preloading and eciency of the actuator
Figure 5.23 shows the evolution of the eciency as a function of preloading force. An opti-
mal eciency of 3.5% is observed at a 1.5N preloading force. Above this force, the eciency
drops because of lower speed and limited increase in torque. e model eciency values are
computed using two dierent methods, one uses the low voltage admiance characteristics
to estimate the input power while the other uses experimental electric power for eciency
calculation. Although similar order of magnitudes is observed between model based on ex-
perimental electric power and experimental data, results computed from low power admit-
tancemeasurements cause the electric power estimation to be above themeasured values. At
higher preloading force, model predicts an increase in eciency that is not observed exper-
imentally. It is believed that high damping caused by holding mechanism interaction limits
the properties of the actuator at larger preloading force.
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Figure 5.23: Eciency as a function of preloading force. An optimal eciency of 3.5%
is observed for a preloading force of 1.5N.
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As a summary, the ultrasonicmotor performance depends on both amplitude and preload-
ing force. e amplitude has an important inuence on motor speed and torque but non-
linear damping show a loss of eciency of the motor when amplitude is high. An optimal
excitation voltage point that depends on the contact conditions exists. Preloading force has
an important eect on the torque of the actuator and it is the major parameter that should
be tuned to obtain the desired stall torque of the motor. On the other hand it has a negative
eect on the speed of the motor and an increase of amplitude is required to improve speed
of the motor. eoretically the speed of the actuator could also be improved by an increased
stiness of the layer that reduces the contact time while providing similar torque. Experi-
mentally, it is found that the maximum eciency of the actuator depends both on excitation
voltage and preloading force (an optimal preloading force of 1.5N is found at 50Vpp while a
30Vpp excitation provides the maximal eciency at 1N).
5.7 Contact length
Figure 5.24: Contact layer length change. e contact contact layer is removed starting
from the center of the actuator which is the point where the tangential speed is minimal.
As discussed in chapter 3, the contact length aects motor performance. We propose to
analyze the inuence of the contact using a 0.4mm layer which is progressively reduced. e
layer is removed as described in gure 5.24. Low amplitude admiance responses are ana-
lyzed along with motor characteristics as a function of the length of layer. Because removal
of some layer mass may cause the modes to shi, frequencies are tuned before each set of
experiments.
5.7.1 Inuence of contact pattern on resonance characteristics
Figure 5.25 shows the evolution of low voltage quality factor as a function of contact
length for a given preloading force of 1N. It can be observed that the quality factor tends
to decrease as the contact length is increased. this is especially true for bending mode with
an important drop above a 8 mm length of contact. Amplitude at the contact area of the
actuator should therefore be improved as contact length is reduced.
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Figure 5.25: Qm as a function of contact extent for a preloading force of 1N.e quality
factor is evaluated from low voltage admiance measurements.
5.7.2 Inuence of contact length on speed-torque characteristics
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Figure 5.26: Speed versus contact length for various preloading force. An important
decrease in motor speed is observed as contact length is increased. Model predicts this
decrease.
e response of the actuator is observed for dierent contact lengths. Speed of the actu-
ator is presented in gure 5.26 as a function of the contact length. It is observed that as the
length of the layer is reduced, the speed is increased. For the three considered preloading
forces, the eect is important with an increase from 100 rpm to 184 rpm at 1N when the
contact length is reduced to about half its total length (5.4 mm).
Figure 5.26b shows the model predictions. e quality factor used for model prediction is
adjusted to correspond to experimental speed values at low contact layer length and 1N.is
allows to study how the contact model predicts relative changes in rotor velocity. e rst
set of data consider constant electrical properties. e quality factor is kept at a constant
value, which correspond to the w =5.4 mm estimated quality factor. A decrease in speed
is observed as the layer length increases. At a 1N preloading force, the speed changes from
188 rpm at 5.4 mm to 164 rpm at 10 mm which is a lower speed drop than observed exper-
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imentally. is underestimation of speed diminution is due to a change in damping caused
by the modications of the contact conditions. Using measured quality factor for each layer
length give beer correlation with a speed of 188 rpm at 5.4 mm that drops to 95 rpm at 10
mm with a 1 N preloading force. is indicates the limit of the model that does not predict
the damping evolution due to changes in contact conditions.
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Figure 5.27: Torque versus layer length for various preloading forces. A slight decrease
in torque is observed as layer length is increased. e model predicts quasi-constant
torque with layer length.
Torque evolution is represented in gure 5.27. A diminution of torque is observed as con-
tact length increases. At a 3N preloading force, the torque drops from 6.2 mN.m to 5mN.m
when contact layer is changed from 5.4mm to 10mm. Similar torque decrease is observed at
1N and 2N. e model predicts dierent results. When constant quality factor are consid-
ered, the torque tend to increase as contact layer length increases. However when measured
electrical properties are used, the torque decreases as contact length increases for 1N and 2N
preloading forces. For 3N, the torque is still predicted to improve. It is due to an overesti-
mation of the quality factor which is adjusted to correspond to 1N preloading experimental
data. e model variations are small as compared to measured experimental data. Asymme-
tries in the contact that increase as the contact length is increased could be a reason why
such dierences are observed.
5.8 Resonance tracking of the actuator
e designed actuator is based on the excitation of resonant modes in order to obtain lower
admiance of the actuator and controlled deformation shapes. Resonance is excited using a
specic frequency which corresponds to the mode frequency. is frequency depends on the
actuator state whether it is the temperature, humidity or the load it is subjected to. ere is
a need to nd and keep track of the resonance frequency in order to have a good behavior of
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the actuator under any conditions. In general, it is performed using displacement or current
sensing in the actuator.
Movement sensing One characteristic of a vibratory system is that, at resonance, the
phase of the exciting force is the same as the phase of the movement velocity. In the case
of a piezoelectric material, the electric eld in the actuator is directly linked to the exciting
force since it uses the inverse piezoelectric eect in order to deform the material. Using an
isolated deported electrode on the actuator acting as a deformation rate sensor may allow
the measurement of the velocity phase of the actuator.
Figure 5.28: Admiance circle of a piezoelectric actuator around resonance. e imagi-
nary part of admiance B is represented as a function of the real part of the admiance
G. From this circle, several specic frequencies can be noted.
Current sensing e coupling between the mechanical and electrical characteristics of
the actuator causes the mechanical resonance to have an eect on the electrical character-
istics of the actuator. e admiance of the actuator around the resonance is similar to the
admiance of a RLC series circuit in parallel with a capacitor. e electric behavior can be
beer understood by using the equivalent circuit and its admiance circle shown in gure
5.28. e admiance circle represents the imaginary part of the admiance as a function of
the real part. Several specic frequencies can be noted:
• ωm is the maximum admiance point, it corresponds to the point where the module of
the admiance is maximum and thus the current injected in the actuator is the most
important.
• ωs is the series resonance frequency, it corresponds to the frequency where the second
branch is completely resistive and complex admiance is only due to static capacitor
C0. is is the mechanical resonance frequency of the system.
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• ωr corresponds to the frequency where the system is completely resistive. At this
frequency, the phase shi between voltage and intensity is zero.
ωm and ωr are easily tracked based on maximum power or zero phase frequencies while
ωs, the actual mechanical resonance frequency is dicult to track. When 1/R1 is large as
compared to C0ωs, these three frequencies are close, and tracking ωm or ωr is enough for
proper motor operation.
5.8.1 Phase-based resonance tracking
Figure 5.29: Control for zero phase tracking implemented in Labview.
A tracking method based on intensity phase measurement has been implemented in Lab-
view. e objective is to keep track of the point where the phase between current and voltage
is zero. e control loop is shown in gure 5.29. An initial driving frequency below the res-
onance is sent to the actuator. A National Instrument acquisition card is used to measure
the phase between the two voltage and current. e measured phase is multiplied by a gain
and added to the current driving frequency. When the phase between current and voltage is
zero, the resonance frequency is found.
Figure 5.30 shows the inuence of resonance frequency tracking on stability of the ac-
tuator. e tracking algorithm is activated for the rst minute of the experiment to nd the
resonance frequency of the system. en tracking is set o and the actuator is driven at
the constant frequency of 102.6 kHz. In the rst 10 minutes of the experiment, the velocity
decreases from 150rpm to 100 rpm. Irregularities in the speed are observed with variations
of 20 rpm. ese variations are due to resonance frequency shi of the actuator associated
with heating and cooling cycles of the actuator. Aer 75 minutes, tracking is set back on, a
change in frequency is observed and velocity of the actuator increases up to 160 rpm. e
speed stays constant for the last 75 minutes of the experiment. Small oscillations in speed are
observed and aributed to the low resolution in phase due to sampling frequency (600kHz)
of the NI card. At high speed, the actuator is sensitive and high resolution in phase is re-
quired in order to keep constant properties. Using an analog tracking circuit should result
in a beer speed homogeneity.
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Figure 5.30: Inuence of a resonance tracking system on the performance of the actu-
ator. First, the tracking algorithm is launched to nd the resonance frequency. Once it
has been found, tracking is set o and speed is measured over time at constant driving
frequency. Aer 75 minutes, tracking is put back on for comparison.
5.8.2 Phase tracking for highly damped vibrations
Piezoelectric materials are highly non-linear and as voltage is increased, the damping of the
system increases. An important added damping can also be due to the preloading force of
the actuator. If the quality factor of the resonance is low, the zero phase point cannot be
considered as the resonance point and it is possible that below some quality factor, the zero
phase point do not exist anymore, because static capacitance imaginary admiance is not
totally compensated. A solution to avoid this problem is to compensate static capacitance
using a parallel inductor. Admiance of the static capacitance is given by:
AC0 = iC0ω (5.6)
e admiance of an inductor is given by:
AL =
1
iLω
(5.7)
So that at resonance the inductor used to compensate static capacitance is:
L =
1
C0ω2s
(5.8)
Considering a 1.2nF static capacitance at 104kHz, the obtained inductor value is 1.9mH.
Figure 5.31 shows the shi caused by a 1.5mH parallel inductor on the considered actuator.
Although the maximum real admiance point ωs is at a phase shi slightly below zero, ωr
is closer to series resonance frequency than before compensation
is method is ecient for tracking a single mode because of a large phase change at
resonance and the proximity of ωr and ωs. In the case of a multi-modes actuator, coupling
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Figure 5.31: Admiance circle shi caused by a parallel inductor.
between the modes can cause diculties in resonance tracking. eoretically, the bending
mode is anti-symmetric and should not generate any current on the longitudinal electrode
because of a zero deformation integral. Experimentally, the electrode paern manufacturing
tolerances and mechanical asymmetries cause a non negligible current to be generated on
the longitudinal electrode, leading to a phase shi of the measured current. Considering the
current on the longitudinal electrode:
I = I0 cos(ωt) + IB sin(ωt) (5.9)
In this equation, it is assumed that the phase of the current is zero on both modes. is
approximation supposes that both modes are at the same resonance frequency and current
and voltage are in phase on both modes at this frequency. e intensity can be expressed in
the complex form as:
I = (I0 + iIB) e
iωt (5.10)
So that the actual phase of the current is not zero but:
φ = arctan
IB
I0
(5.11)
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Figure 5.32: Inuence of two modes excitation on admiance phase for both considered
modes. e cross-coupling between the two excitations changes the phase measurement
of the current on one mode. e resonance tracking algorithm is aected.
Although this lead to only 5° phase dierence if IB is 10 times smaller than I0. Experiment
shows that it is signicant enough to cause problems with mode tracking especially with an
inductor in parallel. Figure 5.32 shows the interaction between the two modes excitation
for a low excitation amplitude. Important dierences in phase response are observed when
a single mode is excited or both modes are excited at the same time. e zero phase point
of longitudinal mode is not aected but tracking becomes problematic when an inductor is
added in parallel. Phase for the bending mode is greatly aected with an important jump in
phase around the zero phase point that makes the mode very dicult to track with a phase
going from -50 to +150 °.
Mode excitation coupling is an important problem to consider for resonance tracking of
a multi-mode ultrasonic actuator. is problem may be avoided by taking high care in the
realization of the actuator especially in terms of symmetry. A control algorithm based on a
deported electrode is also interesting assuming it is possible to nd an area of the actuator
where the strain is essentially dependent of one mode deformation. e use of a single-mode
working principle is also an interesting solution for resonance tracking implementation.
5.9 Conclusion
In this chapter, an experimental characterization of an ultrasonic motor prototype is pro-
posed. e prototype is fabricated using laser cuing technology. Manufacturing tolerances
and eect of added masses such as soldering points are taken into account for the actuator
realization. A portion angle θ of 41.4° instead of the 40.5° predicted by modal analysis is
proposed to ensure mode degeneration. e eect of the holding mechanism and electrical
contact is discussed as they have an important role on actuator damping.
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A characterization set-up is proposed. It is used to evaluate actuator properties as a func-
tion of several parameters. An increase of the excitation voltage causes the mode frequency
to be shied down and an improvement of both speed and torque. An optimal excitation of
30 Vpp is found for maximum actuator eciency with a 1mm thick layer and a 1N preloading
force. e frequency response of the actuator before resonance diers from model predic-
tion. A sudden speed peak of the motor is observed around resonance frequency. Past the
resonance frequency, the actuator shows a behavior similar to the model predictions with a
smooth decrease in motor speed as frequency is increased.
Preloading force has an important eect on the actuator properties. Transmied torque is
particularly aected and increases signicantly as preloading force is increased. Rotor speed,
on the other hand, decreases as the force is increased. ese observations are in accordance
with the model predictions. Contact length aects actuator properties and in particular the
maximum speed of the actuator. A reduction of the layer length causes the actuator speed to
increase and low changes in torque are observed. A decrease of the quality factor as contact
length is increased is observed. It points out one limitation of the model that does not predict
changes in damping.
In the last section of this chapter, considerations about actuator control are discussed.
e importance of resonance tracking is shown. A high decrease of the speed is observed
when the implemented frequency tracking system is disabled. Furthermore, the actuator
asymmetry has an important eect on control since coupling between the two mode excita-
tion aects the current phase measurement.
e experimental work points out some limitation of the model and the sensitivity of the
proposed actuator. e model is unable to predict the damping factor of the actuator due
to high non-linearities of the piezoelectric material and interactions of the holding mecha-
nism. e sensitivity of the actuator to asymmetries requires an important control on the
mechanical fabrication of the motor.
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6Conclusion and perspectives
e research work presented in this thesis focuses on the design and realization of ultra-
sonic motors. ese actuators are adapted to the fabrication of small scale systems because
of their high torque capabilities and their simple structure, with a limited number of me-
chanical parts. eir working principle, based on the generation of friction forces allows
using various shapes of rotors achieving both rotary and linear motors. ese actuators are
particularly interesting for multidegree-of-freedom motors that use a single spherical rotor.
is thesis proposes a design methodology for piezoelectric ultrasonic actuator adapted to
the fabrication of spherical motors. e intended application is the stabilization of micro-
cameras in extreme conditions. e objective is to obtain a stable image from a camera
mounted on a person who is, for example, running. Finally, experimental results of a proto-
type actuator are discussed.
6.1 Design methodology
e design methodology proposed in this work, analyzes the two steps of energy conversion
in an ultrasonic motor. It is divided into three parts: Mechanical structure design, contact
analysis and electrode design. e rst step is the denition of the mechanical structure. Ul-
trasonic stator geometries are numerous. e denition of the mechanical structure should
be adapted to the target application. e size and the type of movement (rotation, transla-
tion) required for the actuator are the two main parameters for the design of the structure.
However, specic geometric constraints can help dening specic features of the stator (e.g.
at stator, semi-circular shape…). Although the design methodology described in this work
focuses on the use of the ceramic directly as a vibrator, a dierent material is possible for the
realization of the resonant structure. e change of material does not signicantly change
the design method proposed in chapter 2 but may aect the practical realization of the ac-
tuator. In fact, dierent parts will be used for electrical to mechanical conversion and for
energy storage using resonance.
155
CHAPTER 6. CONCLUSION AND PERSPECTIVES
e mechanical design method uses nite element modal analysis to study the vibration
of the structure as a function of the geometry. emethod is applied to amulti-mode actuator
that requires two vibrationmodes to be at the same frequency. e vibrationmodes selection
is discussed. An important criterion is the angle between the movements produced by the
two modes at the contact interface between rotor and stator. e two modes displacement
directions should be as close as possible to orthogonality in order to produce large elliptical
movements. Modal analysis is used to optimize the geometry in order to ensure that the
two modes required for actuation are at the same frequency. A sensitivity analysis of the
actuator to geometric tolerances, soldering points and contact layer is proposed. It shows
that disturbances can cause the modes to shi one from each other. A tuning strategy based
on a smart positioning of electrical contacts is then proposed.
e second step of the design process is the contact analysis. e study of the properties
of the actuator using a contact model allows estimating the mechanical properties of the
nal motor. e parameters such as contact layer, mode amplitude or preloading force may
aect the properties of the actuator. e study of the proposed actuator is based on a force
transfer model and the modal shapes of the actuator. Contact model shows that the output
mechanical properties of the actuator depends on numerous parameters. It is possible to
tune the contact properties in order to obtain the desired actuator output performance:
• Torque: To obtain a specic torque, the main parameter that should be analyzed is the
preloading force. e preloading force determines the maximum transmissible torque
(assuming friction coecient does not change). It should be increased until the desired
torque is reached. Nevertheless, the preloading force is not the only parameter taken
into account since there exists a critical preloading force from which torque stops to
increase. If this critical preloading force is reached, contact phase angle ϕc has to be
reduced. is can be achieved by increasing the layer stiness or the normal amplitude
of the modes. Another approach would be to increase the contact length so that a
distributed preloading force is obtained.
• Speed: Tangential amplitude and contact time are the two main parameters that aect
speed. e tangential amplitude is associated to the tangential speed which denes the
maximum reachable speed. It is impossible to obtain a rotor speed above the tangential
speed. is parameter is essential to dene the maximum speed of the actuator. Con-
tact time is directly linked to the average speed of the stator. erefore, increasing the
contact layer stiness or the normal amplitude reduces the contact time and improve
the average tangential speed. An optimization of the contact length can also be used
to increase the speed of the actuator.
• Speed/Torque characteristics. e actuator can be tuned to have a specic speed/torque
characteristic. If a high torque at low speed is required, the contact time should be low.
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If a linear relationship between torque and speed is required, contact time should be
high and preloading should be close to critical preloading force.
• Output Power/Eciency: Maximizing the output power of the actuator with xed
mode amplitudes depends on two major parameters, contact stiness and preloading
force. e contact stiness should be as high as possible to minimize the contact time.
e preloading force should also be high to maximize the transmissible torque. How-
ever, in practice, preloading force and contact stiness have an inuence on the quality
factor of the actuator. is eect makes the optimization problem more complex.
Finally contact analysis shows that a shi between the two modes used for actuation dete-
riorates the motor properties. Depending on the quality factor of the resonance, a shi of
1kHz may cause a loss of 80% of the output power as compared to the degenerating mode
case.
e last part of the design method addresses with the electrical to mechanical energy
conversion. e piezoelectric eect is used to convert the electrical energy into mechanical
energy. emode shapes may aect the eciency of the energy conversion due to harmonic
excitation. A useful parameter to quantify this eciency is the eective electromechanical
coupling factor keff . A semi-analytical method for the calculation of this parameter is pro-
posed. It combines modal and harmonic nite element analysis in an analytic description
to propose an optimal size of the electrodes. An optimal electrode paern for single mode
excitation is easily found based solely on keff optimization but hardly applicable to the case
of a two-mode excitation. e complete motor model is therefore used for the optimization.
Based on specied contact model condition and modes damping, it allows to dene an op-
timal electrode size for maximum output power or maximum eciency of the motor. ese
two optimal electrodes areas diers. Maximum output power is only associated with the
optimal amplitude of each mode whereas maximum eciency supposes a tradeo between
output power and dissipated energy. e proposed optimization method requires a good
knowledge of the damping properties of the actuator. e damping depends on numerous
variables such as the holding mechanism, the electrical contacts or the preloading force. e
optimization method should therefore be applied aer a rst characterization of the system
in its nominal conditions.
6.2 Motor fabrication
An ultrasonic motor prototype is built based on the proposed methodology. e objective is
to propose a stator adapted to the realization of compact spherical motors. e novel concept
of this actuator is based on the adaptation of its contact surface to the driven spherical rotor.
It allows to constrain completely a spherical rotor without requiring additional mechanical
157
CHAPTER 6. CONCLUSION AND PERSPECTIVES
parts for guidance. e actuator is machined into Ferroperm PZ26 piezoelectric material
using picoseconds laser technology. is technology allows for a fast engraving and cuing
of thematerial. e divergence angle of the laser beam causes geometric deviations that have
to be taken into account in the actuator design. To compensate the eect of soldering points
and contact layer, the actuator is designed with geometrical properties that causes one mode
to be at higher frequency than the other. e two modes are then tuned using a change in
location and mass of the soldering points. An epoxy resin of low stiness is deposited onto
the actuator contact area. Although this material has low stiness, its deposition is easy and
it is possible to increase its stiness using solid llers.
e resulting motor is characterized on an single degree of freedom mechanical setup.
e dependance of actuator properties on excitation voltage is studied. e frequency re-
sponse of the actuator shows an unstable frequency range where behavior of the actuator
is unpredictable. A sudden increase of velocity is observed around resonance with a pro-
gressive speed reduction as frequency is increased. An increase of the voltage excitation
causes the maximum speed of the rotor to increase while a limited variation of the transmit-
ted torque is observed. Although the behavior of a voltage variation are well predicted by
the model, non-linear damping aects the actuator properties and makes the estimation of
the absolute displacement amplitude at the edge of the actuator dicult. An increase in the
preloading force causes an increase in the transmied torque (3mN.m at 1N preloading force
and 7mN.m at 3N). A reduction of the maximum velocity is observed as preloading force is
increased. Because the preloading force aects the actuator damping, the decrease of speed
predicted by the model is found to be lower than the measured properties. Contact layer
length aects signicantly the speed of the motor with an important increase of the speed
as the contact length is reduced (at a 1N preloading force velocity is increased by 76% when
contact layer is reduced from 10.5mm to 5mm). e low eciency of the motor around 4%
can be explained by the low stiness of the contact layer that limits the speed of the actuator.
is eciency could be greatly increased by the use of a more appropriate contact material
and a beer holding mechanism for the piezoelectric ceramic. e actuator can provide the
required performance for the stabilization of a micro-camera placed on a running person.
ese required characteristics were estimated to a 5mN.m torque and 80rpm speed.
Investigations on frequency tracking are proposed. A resonance frequency tracking con-
trol electronics is proposed for proper actuator operation. e use of a parallel inductor can
improve the performance of the tracking system. However, coupling between the two mode
due to asymmetries disturbs the intensity phase measurement and the resonance frequency
tracking.
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6.3 Perspectives
Several improvements can be proposed for beer actuator operation. One is the contact
layer which has a very low stiness that limits the actuator performance. e use of hard
particles in the layer should improve the speed of the actuator for a given preloading force
and therefore improve eciency of the actuator. Figure 6.1a shows the perspectives in terms
of actuator geometry. e properties of the actuator are greatly aected by asymmetries and
holding mechanism. A beer xation of the actuator based on a xation hole could lead to
an improved stability of the actuator. Although, it has been discussed in the model, electrode
optimization eect has not been observed yet since it requires a good experimental knowl-
edge of the actuation system. Experimental studies of the optimization are planned. e
proposed actuator aims at being used in small scale systems. Actuators four times smaller
than current actuators will be investigated.
Small scale 
actuator
Current 
actuator
Electrodes 
optimization
Fixation 
hole
5mm
(a) Perspectives associated with ultrasonic ac-
tuator geometry
15mm
(b) Spherical motor
Figure 6.1: Actuator perspectives. Current investigations focus on the improvement of
the holding mechanism of the actuator along with a beer estimation of the eect of the
electrode optimization. Small scale actuators are also studied for their application in a
spherical motor assembly.
e objective of these actuators is to be integrated in a spherical motor design. An
adapted mechanical structure associated with a proper position sensing system based on
magnetic technologies is under investigation (gure 6.1b). is spherical motor requires
also adapted electronics which are miniaturized and able to provide an accurate resonance
tracking of the actuator. Analog circuitry based on phase locked loop are particularly inter-
esting but requires a good stability of the actuator before being successfully implemented.
e two-modeworking principle is convenient to generate constructive elliptical movements
at the edge of the actuator. Nevertheless, the required mode tuning is problematic as mode
frequencies are very sensitive to disturbances. e use of another working principle based
on the same geometry could be investigated. An asymmetric single-mode excitation could be
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interesting since it simplies also the resonance tracking by avoiding any coupling between
two excitations.
Finally, the design method presented in this work is specically applied to a multi-mode
curved longitudinal-bending actuator made entirely of piezoelectric material. One perspec-
tive is the application of this method to the realization of high torque actuators with dierent
geometries and applications. e method aims at being easily adapted to other actuators ge-
ometry and principles and a rst adaptation would be the use of an independent resonator
made of a dierent material than the piezoelectric element.
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APiezoelectric materials
is appendix contains an introduction to piezoelectric materials. History and applications
are presented along with the mathematical formulation for their physical description.
A.1 Denition and History
e word piezoelectric comes from the Greek prex pies- which means squeeze or press, it
denes an existing relation between the electric eld and the stress in a material. Piezo-
electricity was discovered by Jacques and Pierre Curie in 1880. ey observed that pressure
variations applied along the hemihedral axes of a pyroelectric crystal lead to the develop-
ment of polar electricity inside the crystal. is eect is called direct piezoelectricity (gure
A.1a). A crystal is called pyroelectric when there exist a relationship between temperature
and electric eld in a material. Pyroelectric crystals have been studied since the 1700s ([95,
pages 7-8 (french)]). e inverse piezoelectricity (gure A.1b) is the reciprocal eect which
occurs when an applied electric eld causes deformation of a piezoelectric crystal. It has
been predicted in October 1881 by Gabriel Lippmann ([96, page 166-167]). Mathematical
formalism for piezoelectricity has not been dened until 1894, when Woldemar Voigt estab-
lished the tensorial relationships for piezoelectric constants along with the identication of
20 piezoelectric classes. ([97]).
A.2 Applications
One of the rst application of piezoelectricitywas the development of sonar by Paul Langevin
during the rst World War. In his device, Langevin proposed to use quartz as a material that
could both emit and receive acoustic waves for the active detection of submarines ([98]).
Another precursor application was the quartz oscillator proposed by Walter Guyton Cady
in 1921. e discovery of ferroelectric oxides (e.g BaTiO3 and PZT) led to improvements
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(a) Direct piezoelectric eect
+
-
(b) Inverse piezoelectric eect
Figure A.1: Direct and inverse piezoelectric eects. (a): External forces cause defor-
mation of the crystal and apparition of an electric polarization inside the piezoelectric
element. (b): External electrical eld cause deformation of the crystal (and eventually
forces if the element is not free).
Table A.1: Examples of applications that use piezoelectric effects
Inverse piezoelectric
eect
Both eects Direct piezoelectric eect
Ultrasonic Welding
Ultrasonic scalpel
Nanopositionning
Motors
Speakers
Ultrasonic Cleaning
Fuel injectors
Sonar
Echography
artz Clocks
MEMS (Gyroscope)
Surface acoustic (SAW) Filters
Vibration control
Non-destructive testing
Electric Transformers
Force sensors
Weighing scale
Energy Harvesting
Microphones
Lighters (spark generation)
Pressure gauges
in existing applications and new developments. Today, piezoelectric materials are used in
numerous engineering areas including new type of sensors and actuators. Some of the ap-
plications are presented in table A.1.
e inverse eect is used for applications that require actuators and in general, for any
application that requires the generation of ultrasonic waves. Ultrasonic welding uses vibra-
tions in order to weld plastics together, the method is commercialized and widely used in the
industry1. Ultrasonic cleaning consists in creating cavitation bubbles using high frequency
waves in a solvent in order to clean an object (typically a glass lens). Ultrasonic waves are
also used as dust reduction systems in Digital Single Lens Cameras2. Inverse piezoelectric
eect is used in motors when standard electromagnetic motors cannot be used (e.g. in highly
electromagnetic environment such as MRI) and has also been used to produce waterproof
speakers3.
1hp://www.emersonindustrial.com/en-US/branson/Products/plastic-joining/ultrasonic-plastic-welders
2hp://www.olympusamerica.com/cpg section/cpg dust.asp
3hp://www.murata.com/new/news release/2010/0608/
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Numerous applications use both inverse and direct eect, the most famous example be-
ing the sonar cited earlier. Echography and non-destructive testing use also generation and
sensing of acoustic waves in order to produce images of the human body or a mechanical
structure. Resonant piezoelectric crystals are used to produce stable clock sources or sense
displacement (in MEMS gyroscopes for example). An important consumer electronics appli-
cation of piezoelectricity is Surface Acoustic Wave (SAW) lters. Delay time of an acoustic
wave in a mechanic structure is used to lter high frequency electromagnetic waves. e
surface wave is produced in a piezoelectric material on which electrodes are deposited. One
set of electrodes is used to generate the wave while the other one is used to sense it once it
has propagated. ese lters are widely used in telecommunications (Cellular phones, Wi,
GPS, Bluetooth…). Piezoelectric materials can be used to damp actively the vibrations in a
structure for noise reduction applications and have also been used as voltage transformers.
Finally the direct piezoelectric eect is used to produce various force and torque sensors4
and build precise weighing scales. Microphones and hydrophones have been built based on
this eect. Another example of the use of direct eect is the electronic lighter which uses
the high voltage peak produced by a shock on a piezoelectric material in order to obtain an
ignition spark.
A.3 Ferroelectric materials
Piezoelectricity depends mostly on the symmetry of the atomic arrangement in the crys-
tal. In some materials, an asymmetry caused by a displacement of a charge in the atomic
arrangement causes the material to exhibit a spontaneous polarization. ese materials
are called polar and they present pyroelectric and piezoelectric properties. Other kind of
asymmetries in the atomic arrangement can cause non-polar materials to be piezoelectric.
artz, for example, is non-polar and not pyroelectric but it exhibits piezoelectric proper-
ties. Among pyroelectric materials, some materials can have their spontaneous polarization
reversed. ese materials, usually ceramics, are said to be ferroelectric. All ferroelectric
materials are pyroelectric but some pyroelectric materials do not exhibit ferroelectric prop-
erties (e.g. Tourmaline). ese materials are particularly interesting since they present a
high piezoelectric coupling.
Typical examples of ferroelectric ceramics are oxideswith Perovskite structure (see gure
A.2) such as BaTiO3 or Lead Zirconate Titanate (PZT) materials. ese ceramics can be found
in two dierent phases. Above a given temperature Tc (Curie temperature), their structure
is cubic and they are paraelectric materials which do not exhibit piezoelectric properties.
Below Tc, the perovskite structure can adopt a tetragonal structure in which a metallic ion
(Ti4+ or Zr4+ in the case of PZT) can nd a stable o-centered position which leads to the
4hp://www.kistler.com
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Figure A.2: Perovskite structure (ABO3) of Lead Zirconate Titanate (PZT) exhibiting
ferroelectric properties. On the le, above the Curie temperature Tc, the micro-structure
is cubic and do not have piezoelectric properties. e electric behavior of the crystal is
paraelectric. On the right side, below the Curie temperature, the central titanium or
zirconium ion can be o-centered within the oxygen octahedron resulting in tetragonal
structure and a net polarization of the crystal. e ferroelectric behavior is the ability
to change the position of the ion from the top to the boom, resulting in an inverted
polarization.
polarization of thematerial. By applying an electric eld in thematerial it is possible to invert
the position of the ion and the remanent polarization. e capacity of ferroelectric materials
to stay polarized in the wanted direction makes them suitable for use in ferroelectric random
access memory used in computers ([99]).
Figure A.3: Poling of a ferroelectric ceramic. Before poling, domains inside the material
have dierent polarization that oppose each other and result in a macroscopical zero
polarization. Aer the crystal is poled, the polarizations of the domains orient with each
another and a net polarization is created in the material.
Poling process Ferroelectric materials are in general made by high temperature powder
friing and do not present a net polarization when cooling down. e dierent domains
(Weiss domains) have locally the same electric polarization, but domains cancel each other
so that the total polarization is zero.
A process called poling of the material consists in applying a strong electric eld to the
ceramic ( ∼ 10 − 100 kV.cm−1) usually at high temperature in order to reorient the polar-
ization of each domain an obtain a net macroscopic polarization (gure A.3).
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Figure A.4: Hysteresis loop in a ferroelectric material. e evolution of the polarization
in the material as a function of the applied electric eld present an hysteresis and a
remanent eld similarly to ferromagnetic materials.
Electrical response e electric polarization in a ferroelectric crystal is shown as a func-
tion of the applied electric eld in gure A.4. At the zero point (zero eld and zero polar-
ization), the material is not polarized, the domains have dierent polarization that result in
a zero macroscopic eld. Applying a eld results in an alignment of the domains in the ma-
terial which causes a net macroscopic polarization. Once a certain eld is reached, all the
domains are aligned and a saturation point occurs where no more extra polarization can be
reached in the material, and its dielectric permiivity becomes the vacuum permiivity ε0.
Once a polarization is created in the material, lowering the applied eld to zero will result
in a remanent polarization Pr in the material. In order to cancel this remanent polarization,
an opposite coercive eld Ec have to be applied.
Because of their spontaneous polarization, ferroelectric materials exhibit interesting di-
electric properties, in particular high permiivity. e permiivity of a material is its ability
to cause an electric displacement under the eect of an external eld. In vacuum, it is de-
scribed by the expression:
D = ε0E (A.1)
where ε0 = 8.85418782× 10−12m−3.kg−1.s4.A2 is the vacuum permiivity and E is the
electric eld. In the case of ferroelectric materials, a high level of polarization is obtained
and the electric displacement is:
D = ε0(E + P ) (A.2)
D = ε0(1 + χ)E (A.3)
D = ε0εrE (A.4)
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Where χ is called the electric susceptibility. erefore, the electric displacement depends
on the relative permiivity εr which can be very large in a ferroelectric material (εr = 1300
for Ferroperm5 Pz26 whereas εr ≈ 1 for air). e electric displacement quantify the amount
of electric charges that aremovedwhen an electric eld is applied to amaterial, it is expressed
in C/m2 (Coulomb per square meter). A large electric displacement is interesting in order to
build large capacitors. e amount of charges created in a capacitor consisting in two plates
of area A with a dielectric material in between is:
Qcharge = D × A (A.5)
Qcharge = ε0εrE × A (A.6)
Qcharge = ε0εr
V
d
× A (A.7)
where d is the space between the two plates, V the voltage imposed and Qcharge the
amount of charges created in the plates. e capacitance is dened as the number of charges
created per volt:
C =
Qcharge
V
= ε0εr
A
d
(A.8)
Ferroelectric materials, because of their high dielectric constant εr, are very interesting
in order to obtain high capacity at small scale.
e dielectric constant is oen represented in a complex form
ε∗ = ε′ − iε′′ (A.9)
ε′′ is useful to dene dielectric loss in the material. Indeed the dissipated energy under a
sine external eld gives a net emied energy ([86]):
we =
ˆ
DdE = πε′′ε0E20 = πε
′ε0E20 tan δe (A.10)
WhereE0 is the amplitude of the eld and tan(δe) =
ε′′
ε′
is the tangent of the electrical loss
angle. Dielectric losses are due to charges movement within the material, they are important
at high voltage stimulation and cause heating of the piezoelectric material. ey can directly
aect the behavior of a piezoelectric motor at high voltage.
So vs Hard materials In general PZT ceramics are doped by adding either donor or ac-
ceptor atoms in the material. is allows for ne tuning of the material properties. Donor
dopants such as La3+ or Nb5+ ([101]), results in the formation of cation vacancies in the
structure that lead to the synthesis of “so” ceramics with higher piezoelectric constants
5hp://www.ferroperm-piezo.com/
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Table A.2: Differences between soft and hard ceramics (from [100])
Characteristic So Ceramic Hard Ceramic
Piezoelectric Constants larger smaller
Permiivity higher lower
Dielectric Constants larger smaller
Dielectric Losses higher lower
Electromechanical Coupling Factors larger smaller
Electrical Resistance very high lower
Mechanical ality Factors lower higher
Coercive Field lower higher
Linearity poor beer
Polarization / Depolarization easier more dicult
Table A.3: Comparison of different materials (piezoelectric and dielectric properties)
artz Tourmaline Barium Titanate PZT-4
Dielectric
constant ε33
4.68 [102] 7.9 [103] 450[104] 1300[104]
Piezoelectric
coupling e31
0.17 [104] 0.21[105] -4.3[104] -5.2[104]
Curie point 573°C (phase change) 900°C (melting point) 115°C[104] 328°C[104]
and permiivity but increased losses and lower quality factor.Acceptor doped ceramics (e.g.
Fe3+) show smaller piezoelectric constants but less losses and higher quality factor, their co-
ercive eld and Curie temperature are also generally higher. Advantages and disadvantages
of each type of doped ceramic are presented in table A.2.
Ferroelectric ceramics are very interestingmaterials, they present high piezoelectric con-
stants and high dielectric constants as compared to other piezoelectric materials (see table
A.3). eir major limitations is the need for a poling phase and the existence of a Curie
Temperature that limits their use at high temperature.
In the case of ultrasonic motors, ferroelectric ceramic are materials of choice because
of their high piezoelectric coupling. In our case, we chose to use a Ferroperm ceramic PZ26
which is a hard PZT that oer good properties for building ultrasonic motors with high Curie
temperature (330°C) and high quality factor.
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A.4 Piezoelectric mathematical formalism
A.4.1 Piezoelectric eect in ceramics
In ferroelectric ceramics three major inverse eects can be considered (see gure A.5, direct
eects exist in similar fashion):
• e d33 inverse eect which aects the extension of the material in the direction of
the polarization when an electric eld is applied in the direction of the polarization.
• e d31 inverse eect which aects the extension of the material in the direction per-
pendicular of the polarization when an electric eld is applied in the direction of the
polarization.
• e d15 inverse eect which creates a shear deformation of the material when an elec-
tric eld is applied in an orthogonal direction to the polarization.
+
-
(a) d33 and d31 piezoelectric exten-
sional deformation modes
+
-
(b) d15 piezoelectric shearing deforma-
tion mode
Figure A.5: Typical piezoelectric deformation modes used with PZT ceramics
e d constant comes from the d piezoelectric matrix that is dened in the next section.
d33 and d31 eects are in general the most used eects, one reason is that the same electrodes
can be used for the polarization and the operation of the ceramic while d15 eect requires
two dierent sets. Some piezoelectric materials may have dierent deformation modes (e.g.
d11 or d14 for quartz).
A.4.2 State equations
Piezoelectricity is in general modeled using electromechanical tensorial relations called state
equations. Two majors tensorial relations are used:
{
S = sET + dtE
D = dT + εTE
(A.11)
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e rst one links the strain S in the material to the electric eld E and the applied
stress T . sE is dened as the compliance at constant electric eld and dt is the transposed
piezoelectric constant tensor. e second equation links the electric displacement D to the
stress T and the electric eld E in the material. εT is the permiivity of the material at
constant stress. S and T are 6 components vectors, E and D are 3 components vectors.
Considering a ferroelectric ceramic poled along the~3 direction (see gure A.5), these two
equations can be sum up into a single matrix relation given by:


S1
S2
S3
S4
S5
S6
D1
D2
D3


=


s11 s12 s13 0 0 0 0 0 d31
s12 s11 s13 0 0 0 0 0 d31
s13 s13 s33 0 0 0 0 0 d33
0 0 0 s44 0 0 0 d15 0
0 0 0 0 s44 0 d15 0 0
0 0 0 0 0 s66 0 0 0
0 0 0 0 d15 0 ε11 0 0
0 0 0 d15 0 0 0 ε22 0
d31 d31 d33 0 0 0 0 0 ε33




T1
T2
T3
T4
T5
T6
E1
E2
E3


(A.12)
is relation is valid for transversely isotropic materials which are materials that have
the same properties in the two directions of a plane but dierent properties out of this plane.
PZT materials and most of ferroelectric ceramics are transversely isotropic materials. e
d matrix represents the piezoelectric eect, it is expressed in terms of coulomb per newton
(C/N ) and associates the force applied to and the charges generated (or the opposite).
ere exists four dierent matrix for modeling the piezoelectric eect and four associated
pairs of equations as (A.11) ([106], [107]):
• d matrix links electric displacement to stress (C/N ). It is used in the strain-charge
relations presented in (A.11).
• g links electric eld to stress (V.m/N ). It is used in the strain-eld relations:{
S = sDT + gtD
E = −gT + βTD (A.13)
• e links electric displacement to deformation (C/m2). It is used in the stress-charge
relations: {
T = cES − etE
D = eS + εSE
(A.14)
• h links electric eld to deformation (V/m). It is used in the stress-eld relations:
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Table A.4: Relations between the different piezoelectric properties. c and s are the me-
chanical stiffness and compliance matrices, d, e, g and h are piezoelectric coefficient ma-
trices and β and ε are dielectric matrices. The exponent T indicate a constant stress, S a
constant strain, E a constant field and D a constant electric displacement. Transposed
of matrixM is notedM t.
Elastic properties Piezoelectric properties Dielectric properties
sD = sE − dtg d = εT g βS = βT + hgt
cD = cE + eth e = dcE εT = εS + edt
cE =
(
sE
)−1
g = βTd βT = (εT )−1
cD = (sD)−1 h = gcD βS =
(
εS
)−1
{
T = cDS − htD
E = −hS + βSD (A.15)
β is the inverse tensor of permiivity, it is a diagonal tensor of the 3rd order with βii =
1/εii. c
D is the stiness tensor of thematerial at constant electric displacement (D). Relations
between each property exist and are presented in table A.4.
Depending on the boundary conditions, one specic relation may be more appropriate.
In the example of modeling the inverse eect in a free piezoelectric element in which an
electric eld is imposed, the strain-charge form is interesting because it allows to compute
directly the deformation and electric displacement that the element will experience.
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factor computation
keff is an interesting parameter for optimizing electrodes of a piezoelectric resonant actuator.
It is proposed to develop an analytical model in order to obtain a fast, practical tool for
electrodes optimization. k2eff can be dened as:
k2eff =
U212
U1U2
(B.1)
U12 the coupling energy, U1 the elastic energy and U2 the dielectric energy are computed
from the state equations of piezoelectricity:
1
2
ˆ
V
TS∗dV =
1
2
ˆ
V
cESS∗dV − 1
2
ˆ
V
eTES∗dV = U1 + U12 (B.2)
e total electrical energy is given by :
1
2
ˆ
V
DE∗dV =
1
2
ˆ
V
eESE∗dV +
1
2
ˆ
V
εSEE∗dV = U12 + U2 (B.3)
S and T are the strain and stress in the actuator, E andD the electric eld and displace-
ment. e is the piezoelectric matrix, cE the stiness matrix at constant eld and εS is the
permiivity at constant strain. e star operator ∗ corresponds to the transposed conjugate
of the considered matrix (self-adjoint operator). From this, we can write:
k2eff =
(
´
V
eESE∗dV )2(´
V
cESS∗dV
) (´
V
εSEE∗dV
) (B.4)
Considering the excitation of a single mode, one can assume, with good approximation
that the strain distribution in the actuator will be the strain distribution that can be found
through a modal analysis multiplied by a factor α. us elastic energy during one period
will be given by:
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U1 = α
2UModal1 =
1
2
α2
(ˆ
V
cESModalS
∗
ModaldV
)
π
ω
(B.5)
Where α depends on the amplitude of the excitation and UModal1 is the elastic energy
computed from modal strain. Coupling energy is given by:
U12 =
1
2
ˆ
V
eESE∗dV
ˆ 2pi
ω
0
sin2(ωt)dt (B.6)
U12 =
1
2
α
ˆ
V
eESModalE
∗dV
π
ω
(B.7)
k2eff from modal analysis is given by:
k2eff =
(´
V
eESModalE
∗dV
)2(´
V
cESmodalS∗modaldV
) (´
V
εSEE∗dV
) (B.8)
Hypotheses In the case of our actuator, we consider several hypothesis in order to simplify
the problem:
• In-plane modes are considered so that S4 and S5 components of strain are zero every-
where.
• All areas of the actuator apart from the excitation electrodes are kept at constant elec-
trical eld (as shown in gure B.1).
Figure B.1: Piezoelectric plate considered. A zero eld boundary condition is considered
wherever there is no excitation electrode.
Coupling Energy e coupling energy during one period can be computed evaluating
the matrix multiplication:
U12 =
1
2
ˆ 2pi
ω
0
ˆ
eESmodalE
∗dV dt (B.9)
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1
2
ˆ 2pi
ω
0
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
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[
E1 E2 E3
]
dV dt (B.10)
We consider an in-plane vibration mode, shear strains S4 and S5 are zero. e problem
can then be reduced to:
U12 =
1
2
ˆ 2pi
ω
0
ˆ
V
(e13S1 + e13S2 + e33S3)E3dV dt (B.11)
Because of Poisson’s coecient, there exists a relation between S1, S2 and S3 which is
given by:
(S1 + S2) = −(v13 + v23)S3 (B.12)
U12 =
1
2
ˆ 2pi
ω
0
ˆ
V
((e33 − (v13 + v23)e13)S3)E3dV dt (B.13)
E3 is constant wherever there is no excitation electrode and because S3 is a periodic
function everywhere, the integration gives a zero coupling energy in those areas. Assuming
E3 is uniform on the electrode:
U12 =
π
2ω
((e33 − (v13 + v23)e13))E3
ˆ
Velectrode
S3dV (B.14)
Dielectric energy edielectric energy represents the stored energy into the piezoelectric
element, it is given by:
U2 =
1
2
ˆ 2pi
ω
0
ˆ
V
εSEE∗dV dt (B.15)
U2 =
1
2
ˆ 2pi
ω
0
ˆ
V


εS1 0 0
0 εS2 0
0 0 εS3




E1
E2
E3

[ E1 E2 E3 ] dV dt (B.16)
U2 =
π
2ω
ˆ
V
εS1E
2
1 + ε
S
2E
2
2 + ε
S
3E
2
3dV (B.17)
E3 is known and E1 and E2 can be derived by the fact that there is no electric displace-
ment in the 1 and 2 directions (open-circuit condition). us:
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D = eES + εE (B.18)

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0
0
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εS1 0 0
0 εS2 0
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
 (B.19)
Deriving this equation leads to:
E1 = −e15S5
ε11
= 0 (B.20)
E2 = −e15S4
ε11
= 0 (B.21)
Because the in-plane deformation S5 and S4 are zero, the elds E1 and E2 are zero. E3
eld is constant wherever there is no excitation electrode and assuming that E3 is uniform
on the electrode:
U2 =
π
2ω
εS3E
2
3
ˆ
Velectrode
dV (B.22)
U2 =
π
2ω
εS3E
2
3Aelectrode (B.23)
Elastic energy e elastic energy does not depend on the electrode geometry because the
electric boundary conditions do not change when electrode geometry is changed (eld is
imposed everywhere):
U1 =
π
2ω
α2
(ˆ
V
cESModalS
∗
ModaldV
)
(B.24)
Electromechanical coupling factor Based on these denitions of each energy term, the
electromechanical coupling factor is:
k2eff =
(´
V
eESModalE
∗dV
)2(´
V
cESS∗dV
) (´
V
εSEE∗dV
) (B.25)
k2eff =
((e33 − (v13 + v23)e13))E23
(´
Velectrode
S3dV
)2
(´
V
cESModalS∗ModaldV
)
εS3E
2
3Aelectrode
(B.26)
k2eff = K
(´
Velectrode
S3dV
)2
Aelectrode
(B.27)
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Where K is a constant depending on the properties of the actuator and the considered
mode. For the simple case of an in-plane mode of a plate which has a delimited excitation
electrode with constant eld elsewhere, the electromechanical coupling factor can be opti-
mized by considering the distribution of the out-of-plane strain S3.
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Re´sume´
Les moteurs a` plusieurs degre´s de liberte´ angulaire sont des syste`mes utilise´s dans de nom-
breuses applications avec par exemple la re´alisation d’articulation de robots, de roues omni-
directionnelles ou la stabilisation de composants optiques. Lame´thode classiquement utilise´e
pour re´aliser ce type de plateformes limite cependant la capacite´ de ces syste`mes a` eˆtre mi-
niaturise´s. Une solution facilitant la re´alisation de syste`mes compacts a` plusieurs degre´s de li-
berte´ angulaire est l’utilisation d’un unique rotor sphe´rique. Nous proposons dans ce travail,
un actionneur ultrasonique pie´zoe´lectrique adapte´ a` la fabrication de moteurs sphe´riques
compacts. L’innovation de l’actionneur de´veloppe´ tient dans l’adaptation de sa surface de
contact au rotor, ce qui permet d’obtenir une surface e´tendue de contact et un guidage total
du rotor sphe´rique. L’e´tat de l’art des die´rents syste`mes d’actionnement sphe´rique a` un seul
rotor est propose´ ainsi que l’ensemble des conside´rations the´oriques utiles a` la mode´lisation
et la re´alisation de moteurs ultrasoniques. Un mode`le complet pour la conception d’action-
neurs ultrasoniques est propose´, il de´crit l’e´tude de la ge´ome´trie et de ses modes de vibra-
tion, l’analyse du contact par l’application d’un mode`le de transfert de force et la conversion
e´lectrome´canique par me´thodes semi-analytiques. Un prototype expe´rimental est propose´
ainsi qu’une caracte´risation de ses performances. Les donne´es obtenues sont compare´es au
mode`le the´orique et permeent de valider les me´thodes de conception propose´es. L’eet
de l’amplitude de stimulation, de la pre´contrainte et de l’e´tendue du contact y sont notam-
ment analyse´s. Bien qu’applique´ au cas particulier d’un actionneur multimode incurve´, la
de´marche employe´e est ge´ne´rale et peut-eˆtre adapte´e a` la re´alisation d’autres syste`mes ul-
trasoniques.
Abstract
Multi-degree-of-freedom angular motors are used in numerous applications, such as robot
articulations, omnidirectional wheels or the stabilization of optical components. Neverthe-
less, the classical method used to build such platforms limits the miniaturization of these
devices. e use of a single spherical rotor is a solution which facilitates the realization of
compact multi-degree-of-freedom angular systems. In this work, we propose a piezoelectric
ultrasonic actuator adapted to the fabrication of compact spherical motors. e novelty of
the developed actuator is the adapted contact surface that allows for an extended contact
area and thus the complete guidance of a spherical rotor. e state of the art of single rotor
spherical systems is presented along with a presentation of the theoretical considerations
useful for the modeling and construction of ultrasonic motors. A complete model for the
design of ultrasonic motors is also proposed, which describes the geometry of the actuator
and its vibration modes, the analysis of the contact using a force transfer model and the
electromechanical conversion using semi-analytical methods. An experimental prototype is
proposed along with a characterization of the actuator performance. Experimental data is
compared to the theoretical model and validates the proposed design method. Parameters
such as electrical amplitude, preloading force and the extent of the contact area are analyzed.
Although in this case we demonstrate the application of our design methodology to the spe-
cic case of a curved multi-mode actuator, the proposed methodology is general and can be
adapted to the design of other ultrasonic systems.

